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The  symposium  was  held  during  the  93rd  Annual  Meeting. of  The  American  Ceramic 
Society  in  Cincinnati,  (XI,  April  29-May  3,  1991.  One  objective  was  to  assemble  the  ■ 
experts  in  this  emerging  technology  for  the  purpose  of  identifying  problan  areas  ! 
aixi  defining  potential  solutions.  A  second  objective  was  to  explore  new  applications: 
where  microwave  energy  can  have  significant  impact.  A  third  objective  was  to  bring  j 
together  researchers,  materials  fabricators,  and  microwave  equipment  manufacturers 
for  the  purpose  of  expediting  technology  transfer  and  cotnuercialization  of  impor-  j 
tant  discoveries  in  this  field.  j 

Participants  from  7  countries  p~esented  80  papers  at  the  symposium.  A  combination  of  1 
keynote,  invited,  and  contributed  presentations  provided  excellent  overviews  of  ' 
existing  programs,  microwave/materials  interactions,  measurements,  equipment  1 

design,  mcxieling,  and  applications.  i 
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Notice 

The  views,  opinions,  and  findings  contained  in  this  book  are  those  of  the  individual  authors. 
The  publishers,  editors,  and  authors  assume  no  responsibility  or  liability  for  errors  or  any  con¬ 
sequences  arising  from  the  use  of  the  information  contained  herein.  Mention  of  trade  names 
of  commercial  products  does  not  constitute  endorsement  or  recommendation  for  us?  by  the 
publishers,  editors,  or  authors. 

Final  determination  of  the  suitability  of  any  information,  procedure,  or  product  for  use  con¬ 
templated  by  any  user,  and  the  manner  of  that  use,  is  the  sole  responsibility  of  the  user.  This 
book  is  intended  for  informational  purposes  only. 

Expert  advice  should  be  obtained  at  all  times  when  implementation  is  being  considered,  par¬ 
ticularly  where  hazardous  materials  or  processes  are  encountered. 


Today  there  are  numerous  research  teams  worldwide  investigating  the  use  of  microwave  energy 
for  processing  materials.  With  a  few  obvious  exceptions,  such  as  food  processing  and  wood  dry¬ 
ing  (all  low-temperature  applications),  the  majority  of  the  interest  and  activity  began  about  ten 
years  ago  and  has  grown  substantially  in  the  last  three  years. 

Research  indicates  that  microwave  energy  offers  many  advantages  over  convenhonal  heating 
methods.  These  advantages  generally  can  be  divided  into  two  categories.  One  is  the  reduction 
in  processing  time  and  temperature,  and  the  other  the  fabrication  of  materials  with  unique  and/or 
superior  properties.  Further,  microwave  energy  appears  to  be  especially  advantageous  for  the 
processing  of  many  types  of  ceramics  requiri'-'g  high  temperatures.  This  is  due  to  the  increased 
coupling  efficiency  of  ceramics  with  microwaves  as  they  are  heated  and  to  the  more  uniform 
(volumetric)  heating  provided  by  microwaves. 

In  spite  of  the  great  potential  of  microwave  e  ergy  in  the  field  of  materials  processing,  there  are 
engineering  and  culhired  barriers  that  must  be  overcome  before  its  widespread  use  will  be 
realized .  Examples  of  the  barriers  are  the  absence  of  a  good  database  on  dielectric  properties  in 
the  microwave  range  and  as  a  function  of  temperature;  a  poor  exchange  of  information  among 
researchers  in  the  field;  the  absence  of  industrial  equipment  for  large-scale/high-temperature 
manufacturing;  and  the  reluctance  on  the  part  of  materials  manufacharers  to  change  from  a 
proven  technology. 

The  mission  of  this  symposium  was  to  address  some  of  these  issues.  One  objective  was  to 
assemble  the  experts  in  this  emerging  technology  for  the  purpose  of  identifying  problem  areas 
and  defining  jx)tential  solutions.  A  second  objective  was  to  explore  new  applications  where 
naicrowave  energy  can  have  significant  impact.  A  third  objective  was  to  bring  together  research¬ 
ers,  materials  fabricators,  and  microwave  equipment  manufacturers  for  the  purpose  of  expiediting 
technology  transfer  and  commercialization  of  important  discoveries  in  this  field. 

Participants  from  seven  countries  presented  80  papers  at  the  symposium.  A  combination  of 
keynote,  invited,  and.  contributed  presentations  provided  excellent  overviews  of  existing  pro¬ 
grams,  microwave/materials  interactions,  measurements,  equipment  design,  modeling,  and 
applications.  This  book  contains  69  peer-reviewed  papers  from  the  symposium  and  will  serve 
as  an  excellent  reference  source  for  both  newcomers  to  the  field  and  well-seasoned  veterans. 

Briefly,  what  we  have  learned  is  that 

•  There  are  differences  between  microwav  and  conventional  heating,  but  we  do  not  fullv 
understand  these  differences  or  their  origins.  Although  there  is  some  agreement  between 
models  and  data,  much  research  is  needed  here. 

•  Substantial  progress  has  been  made  in  dielectric  property  measurements  in  the  microwave 
range  in  the  last  few  years,  and  these  mea.'.urements  should  become  more  routine  in  the  very 
near  future. 
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•  Exciting  developments  have  occumed  in  equipment  design  at  the  research  and  development 
level,  but  more  work  is  needed  before  equipment  is  available  for  large-scale  manufacturing. 

•  Although  the  economics  of  microwave  processing  appear  promising,  more  analyses  are 
needed  to  nail  down  the  benefits. 

•  As  with  any  field,  safety  is  a  concern,  but  sufficient  information  is  available  to  permit  safe  use 
of  microwave  energy.  Investigations  are  likely  to  continue  in  this  area  as  new  equipment  and 
applicatior«  emerge. 

In  order  to  ensure  progress  in  this  field,  we  plan  to  continue  holding  symposia  on  an  annual 
basis,  2dtemating  between  the  American  Ceramic  Society,  Inc.,  and  the  Materials  Research 
Society. 

David  E.  Qark 
Frank  D.  Gac 
Willard  H.  Sutton 
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ABSTRACT 

Examples  of  microwave  applications  research  in  Canada  are  described  to  help  illustrate  the  reasons 
for  the  ack^tion  of  this  energy  efficient  electrotechnology.  Microwave  processing  of  advanced 
ceramics,  mineral  %  chemical  synthesis  and  environmental  wastes  is  being  pursued  as  well  as  the 
more  traditional  (common)  applications  in  the  food  and  rubber  industries. 

INTRODUCTION 

In  Canada  the  development  of  industrial  microwave  heating  applications  has  been  undertaken  by 
a  number  of  research  groups  for  over  25  years.  Indeed,  Edmonton,  Alberta,  Canada  was  the  site 
for  the  founding  of  the  totemational  Microwave  Power  Institute  in  1966.  This  organization 
continues  to  provide  an  international  journal  and  annual  symposium  through  which  much  of  the 
world’s  industrial  microwave  heating  activity  is  disseminated.  This  review  describes  some  of  the 
past  and  current  Canadian  activity  in  microwave  heating.  Table  1  summarizes  die  Canadian 
activity  in  industrial  microwave  heating  by  individual  organizations  including  their  areas  of 
involvement  The  following  sections  provide  additional  detail  of  mien  wave  research  activity 
involving  Canadian  government  agencies,  universities,  electric  utilities  and  private  companies. 

GOVERNMENT  (FEDERAL  AND  PROVINCIAL)  RESEARCH 

Canadian  government  agencies,  recognizing  tlie  potential  benefits  that  industrial  microwave 
processing  can  yield,  have  provided  funding  assistance  and  some  technical  support  for  the 
development  of  new  innovative  applications.  As  expected,  these  plications  tend  to  emphasize 
the  improved  energy  efficiency,  selective  and  volumetric  heating  that  microwaves  can  provide. 

Atomic  Energy  of  Canada  Research  Ltd.  (AECL)  at  (Thalk  River,  Ontario  is  currently  involved  in 
mkrowavc  plications  research.  Undertaking  contract  research  for  industry  and  government  they 
have  one  of  the  largest  resources  of  microwave  and  RF  equipment  design  capability  in  Canada. 
One  of  AECL's  laboratories  has  developed  a  microwave  cavity  system  that  can  rapidly  evaluate 
the  permittivity  and  permeability  of  materials  up  to  100(i°C  at  2450  MHz  [1].  Ceramics  including 
aluminas,  ferrites  and  silicon  carbide  are  among  the  materials  that  have  been  successfully 
characterized.  In  addition,  AECL  together  with  Voss  Associates  Engineering  Ltd.  (VAEL)  have 
recently  produced  a  2-part  report  reviewing  the  microwave  heating  and  dielectric  literature  on 


Microwaves 


minerals,  rocks,  ceramics  t’A  related  materials  [2].  Tae  report  provides  a  good  review  of 
microwave  heating  studies  related  to  minerals  and  suggests  how  available  testing  techniques  can 
be  used  to  ej,amine  potential  applications.  In  addition  to  the  review  (contributed  by  VAEL),  the 
report  also  includes  tests  performed  by  AECL  on  a  selection  of  eight  industrial  minerals  to 
determine  both  real  and  imaginary  parts  of  the  dielectric  constant  up  to  temperatures  of  about 
8(XfC.  The  test  procedure  developed  by  AECL  was  used  for  the  following  mineral  sampler 
serpentine,  ncphelitte  syenite,  illite  clay,  kaolin,  vermiculite,  magnetite,  talc,  and  talc  plus  5% 
binder  (sodium  silicate).  T:)e  technique  is  an  effective  and  accurate  method  for  obtaining 
fundamental  properties  of  materials. 

The  Canadian  Department  of  Energy,  Mines  and  Resources,  through  their  Canada  Centre  for 
Mineral  and  Energy  Technology  (CANMET),  is  also  pursuing  potential  microwave  applications. 
CANMET  has  conducted  preliminary  microwave  tests  to  reactivate  spent  carbon  from  a  gold 
mining  operation  [3,4].  More  quantitative  tests  Pt  Ontario  Hydro’s  Research  Division  (5,48] 
provided  the  following:  (1)  microwave  energy  can  reactivate  spent  carbon;  (2)  microwave  heating 
provided  a  95%  regeneration  of  adsorption  capacity  (using  the  properties  of  virgin  carbon)  in  5 
minutes  as  compared  to  89%  in  30  minutes  for  the  conventional  process;  (3)  microwave-reactivated 
carbon  has  superior  properties  versus'  conventional  reactivation  in  terms  of  pH,  apparent  density 
and  adsorption  capacity;  and,  (4)  based  on  greater  ent.^^y  efficiency,  915  MHz  appears  preferable 
over  2450  MHz.  A  second  phase  has  been  started  in  1991  to  bring  this  potential  application  closer 
to  an  industrial  process. 

The  Ontario  Waste  Management  Corporation  sponsored  a  study  to  investigate  the  use  of  microwave 
heating  to  reactivate  carbon  and  recover  perchloroethylene  solvent  for  the  dry  cleaning  industry 
[49].  Preliminary  test  results  indicate  that  a  microwave  energy  requirement  of  0.51  kWh/kg  of 
carbon  will  reduce  perchloroethylene  concentrations  in  the  spent  carbon  to  that  of  fresh  carbon. 
In  addition,  the  initial  resu'ts  indicate  that  the  important  properties  of  the  microwaved  and  fresh 
carbon  are  comparable  (eg,  colour  removal  efficiency  and  launderometer  tesi). 

The  Ontario  Ministry  of  Energy  provides  assistance  to  Ontario  industry  through  its  Enersearch 
program.  This  program  has  provided  funding  support  for  a  number  of  potential  microwave 
applications  including  drying  of  phannaceutical  hard  gelatin  capsules,  joining  of  alumina  and 
silicon  nitride  rods,  sintering  of  alumina  and  silicon  nitride  ceramics,  drying/slipcasting  of 
whiteware  and  debarking  of  frozen  timber  [6,7,54,55,64].  One  example  of  an  Enersearch-funded 
project  involved  the  use  of  microwave  energy  for  drying  of  pharmaceutical  capsules  [7].  R  &  J 
Engineering  Corp.  built  a  microwave-assisted  dryer  that  has  provided  an  energy  savings  of  35% 
over  the  conventional  drying  system.  (By  incorporating  microwave  energy  the  drying  lime  can  be 
shortened  from  35  minutes  to  about  1 1  minutes.)  In  addition,  because  the  microwave-assisted 
equipment  is  shorter  (6.6  m  versus  12  m),  the  capsule  production  room  can  be  smaller.  This  size 
reduction  is  claimed  to  provide  a  further  35-50%  savings  in  energy  attributable  to  climate  control. 

The  National  Research  Council  of  Canada  (NRCO.  through  its  Division  of  Electrical  Engineering, 
provided  an  invaluable  technical  resource  for  Canadian  industry  from  1965  to  1986  [8-23].  This 
facility  helped  Canadian  users  through  education  as  well  as  through  the  development  and  design 
of  a  wide  variety  of  microwave  devices  and  instrumentation.  Examples  of  their  involvement 
ranged  from  development  of  a  rotary  microwave  processor  for  processing  granular  materials  [23], 
a  waveguide  applicator  for  sheet  materials  [17],  to  microwave  instrumentation  for  measuring 
moisture  contents  in  web  processes  [15]. 
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At  the  University  of  Alberta.  WA,G.  Voss  together  with  W  R.  Unga  continue  to  lead  much  of  the 
activity  involving  microwave  heating  technology.  In  1966,  with  funding  assistance  from  NSERC, 
Voss  and  Tinga  helped  to  organize  the  International  Microwave  Power  Institute  which  continues 
to  provide  a  much  needed  technical  resource  for  the  international  scientific  community.  Voss  is 
cr^ited  with  over  74  publications  involving  industrial  processes  and  material  properties,  as  well 
as  biological  effects.  A  few  of  the  more  rxeent  publications  arc  referenced  [24-26].  W.R.  Tinga 
is  also  very  active  in  the  field  of  microwave  technology  and  is  the  head  of  the  Microwave  Power 
Laboratory  at  the  University  of  Alberta  (Department  of  Electrical  Engineering)  [2527-30].  Of 
particular  interest  are  tv/o  papers  authored  by  these  individuals  at  a  recent  Materials  Research 
Society  microwave  symposium  [2526].  The  first  paper  [25]  describes  the  expanding  application 
of  microwaves  for  processing  natural  and  synthetic  solids.  It  provides  an  approach  that  gives 
attractive  examples  for  potential  microwave  applications  including;  microwave-induced  dry  organic 
reactions;  microwave  heating  of  solvents  to  accelerate  chemical  reactions;  mineral  and  ore 
processing  with  the  zeolite  family  of  particular  industrial  interest;  and,  advanced  polymers, 
ceramics,  and  composites  (eg,  carbon-fibre  based  composites).  The  second  paper  [26]  describes 
the  development  of  a  microwave  materials  analyser  which  promises  to  provide  a  more  extensive 
empirical  characterization  of  mixed  (impure)  material  heating  behaviour.  The  applicator  has 
provided  heating  tales  up  to  lOffC/s  for  various  oxides  and  ceramic  materials  at  915  MHz.  With 
microwave-transparent  refractory  materials  surrounding  the  sample  (solid,  granular,  liquid  or  gas), 
temperatures  of  greater  than  ISOtTC  can  be  maintained  in  some  materials.  A  60  W  solid-state 
power  source  supplies  the  applicator  with  microwave  energy  and  controls  the  temperature. 

At  the  University  of  Waterloo  D.  Pei  has  been  involved  since  the  60’s  in  a  number  of  microwave 
research  activities  [32-37].  Indeed  in  1967,  Pei  and  Ford  were  among  the  first  to  use  microwave 
energy  to  heat  solid  compounds  to  temperatures  of  up  toT9(X)°C  [32]  and  to  investigate  its  use  for 
two  chemical  processes  [33];  production  of  hydrogen  cyanide  from  ammonia  and  carbon,  and  the 
direct  dissociation  of  molybdenum  disulphide.  Among  other  microwave  heating  studies  conducted 
at  the  University  of  Waterloo  include;  drying  of  sewage  sludge  and  bread  baking. 

6cole-Polvtechniaue  has  been  involved  in  microwave  applications  research  since  the  early  60’s. 
R.  Bosisio  is  credited  for  much  of  the  activity  at  this  university  in  the  field  of  microwave  plasma 
and  dielectric  methods  and  measurement  at  high  temperature  [38-45].  A  recent  paper  [38] 
involving  his  group  gives  data  on  a  ‘model’  dielectric/ohmic  loss  material  (Nal  in  ethanol)  from 
which  are  predicted  heating  patterns  at  the  two  ISM  frequencies,  915  and  2450  MHz.  According 
to  Voss  [31],  ‘this  is  an  important  contribution  in  the  most  difficult  area  of  electroheai’.  Another 
effort  involves  a  collaboration  between  fcole-Polytechnique’s  LAIMO  (Laboraioire  d’applications 
industrielles  des  micro-ondes)  and  HydTO-Qu6bec’s  LTE^  (Laboratoire  des  technologies 
ilectrochimiques  et  des  Electrotechnologies  d’Hydro-QuEbec)  facility  (see  Hydro-Quebec  entry). 
The  involvement  at  LAIMO  is  led  by  M.  Giroux  of  the  Department  of  Electrical 
Engineering  [52,53]. 

At  Queen’s  University  J.  Wan  is  utilizing  microwave  energy  in  catalytic  processes  and  destruction 
of  environmental  contaminants  including;  methane  decomposition  to  Cj  and  C,  hydrocarbons; 
dehalogenation  of  trichlorobcnzene;  and  destruction  of  SOj  and  NO,  by  reduction  rather  than 
conventional  oxidative  methods  [46-49].  Research  activities  concerning  the  latter  rely  on  the 
selectivity  and  efficiency  of  microwave  heating.  By  selecting  a  ‘catalyst’  that  facilitates  the 
particular  reaction  as  well  as  containing  a  strongly  absorbing  microwave  sensitizer,  the  bulk  of  the 
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reaction  can  take  place  at  ambient  temperature.  A  second  benefit  provided  by  microwave  energy 
is  its  ability  to  be  pulsed,  which  provides  some  control  of  reaction  temperature  and  reaction 
selectivity. 

At  Laurentian  University  in  Sudbury,  Ontario,  Smith,  Gedye  et  al  reported  the  use  of  microwave 
energy  (from  a  standard  domestic  microwave  oven)  to  synthesize  some  organic  compounds  up  to 
1240  times  faster  than  conventional  ref  ux  techniques  [50,51].  According  to  the  authors,  reaction 
rate  enhancement  is  possible  because  the  polar  molecules  in  certain  solvents  can  absorb  microwave 
energy  very  rapidly  (eg,  water,  methanol).  This  high  rate  of  absorption  is  said  to  cause 
superheating  of  the  solvent  when  contained  in  a  microwave-transparent  pressure  vessel.  Reaction 
rates  of  polar  molecules  in  non-polar  solvents  were  not  increased  appreciably  by  the  microwave 
technique.  By  optimizing  the  conditions  of  the  reaction  the  authors  believe  that  rate  enhancements 
of  200  are  possible.  One  example  cited  is  the  reaction  of  benzyl  chloride  and  4-cyanophenoxide 
dissolved  in  methanol  and  heated  to  form  4-cyanophenylbenzyl  ether.  This  reaction,  which 
conventionally  takes  about  12  hours  to  produce  65%  of  the  theoretical  yield,  required  only  35 
seconds  to  produce  the  same  yield  in  a  standard  household  microwave  oven.  As  in  many  other 
potential  microwave  applications,  one  of  the  major  challenges  will  be  to  scale-up  the  process 
without  affecting  technical  or  economic  feasibility. 

ELECTRIC  UTILITY  RESEARCH 

Two  of  the  larger  Cartadian  electric  utilities,  Ontario  Hydro  and  Hydro-Qu6bec,  have  invested  in 
research  facilities  to  provide  technical  support  and  development  activities  not  only  for  the  supply 
of  electrical  energy  but  also  for  its  effective  utilization.  A  number  of  other  utilities  have  provided 
co-funding  for  projects  carried  out  by  others. 

Ontario  Hydro  has  been  involved  in  industrial  microwave  applications  research  for  the  past  several 
years  in  order  to  help  its  customers  use  this  electrotechnology  effectively  and  efficiently  [52-59]. 
While  the  initial  focus  of  this  research  was  to  improve  productivity  of  industrial  processes,  the 
current  activity  is  emphasizing  the  use  of  microwaves  for  environmental  applications.  The  more 
successful  investigations  conducted  by  Ontario  Hydro  include:  microwaves  to  accelerate  the  drying, 
and  slipcasting  of  traditional  ceramics  that  provided  a  30-minute  cycle  compared  to  the  multi-day 
cycle  common  to  a  traditional  ceramics  plant  [S3].  Microwave  heating  trials  wex  also  performed 
to  reduce  the  volume  of  a  hazardous  sludge  material  to  eliminate  a  potential  environmental  impact 
[55].  Using  the  actual  4S-gallon  waste  drum  as  the  'oven’  or  applicator  and  installing  a  suitable 
source  to  heat  the  drum  contents,  microwave  heating  provides  one  approach  that  can  dry  die  sludge 
in  the  waste  drums  without  removing  the  material.  The  obvious  advantage  of  this  approach  is  to 
minimize  handling  and  possible  exposure  and  contamination.  In  a  third  application  a  hybrid  kiln 
combining  microwaves  with  resistance  heating  to  jHOcess  advanced  ceramics  was  developed  at 
(Ontario  Hydro  [54].  This  new  heating  device  was  built  and  tested  to  investigate  the  effect  of  this 
hybrid  technology  on  production  rates  and  energy  requirements  for  calcining  and  sintering  a 
selected  number  of  ceramic  materials.  Even  without  any  process  optimization,  test  results  on  the 
ceramics  revealed  significant  reductions  in  both  processing  time  and  energy  consumption.  Based 
on  these  promising  results,  a  second  phase  was  started  to  further  refine  kiln  operation  and  expand 
the  range  of  materials  tested  in  this  device.  An  environmental  application  currently  being  pursued 
on  behalf  of  the  Ontario  Waste  Management  Corporation  is  described  in  a  previous  section. 

Hvdro-Ou6bec’s  LTEE  laboratories  are  involved  in  dielectric  heating  applications  through  a 
university-utility  collaboration  [60].  LT6£  and  LAIMO  (of  the  6cole-Polytechnique)  are  partners 
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in  promoting  the  use  of  dielectric  heating  for  industrial  processes  to  help  its  industrial  customers 
impiove  productivity  and  remain  competitive.  As  in  the  case  of  Ontario  Hydro’s  Research 
Division  this  collaboration  has  supplied  R&D  support  for  various  dielectric  heating  applications 
as  well  as  conducting  testing  on  behalf  of  industrial  customers  who  wish  to  assess  the  feasibility 
of  a  particular  application.  One  investigation  conducted  by  this  partnership  involves  the  microwave 
preheating  of  stuedded  rubber.  Used  in  the  manufacture  of  carpets,  the  shredded  rubber  must  be 
mixed  with  vulcanizing  agents  and  pressed  into  molds.  Microwave  heating  was  investigated  to 
preheat  the  rubber  prior  to  molding  and  reduce  pressing  time.  Preliminary  test  results  indicate  that 
the  pressing  time  can  be  reduced  by  more  than  20%.  Another  evaluation  conducted  by  LAJMO 
and  LTEE  involved  drying  of  the  paper  in  damaged  transformer  bushings.  A  microwave  applicator 
was  designed  at  LAIMO  to  facilitate  drying  which  can  be  completed  in  less  than  8  hours  compared 
to  the  days  or  months  required  by  conventional  convective  oven  drying. 

Powertech  (BC  Hydro!  has  recently  become  involved  in  dielectric  heating  through  a  Canadian 
Electrical  Association  state-of-the-art  review  that  will  identify  existing  and  potential  applications 
of  radio-frequency  and  microwave  heating  for  hazardous  was‘.e  treatment  The  review  will  provide 
a  technical  and  economic  assessment  for  each  identified  opportunity  in  comparison  to  conventional 
treatment  processes  and  include  an  estimate  of  the  market  and  electrical  load  impact  in  Canada 
over  the  next  five  years.  Recommendations  for  further  research  and  development  on  new 
applications  will  be  made  and  include  suggestions  for  future  woilc  in  cost-effective  waste 
management  sy.stems. 

The  Canadian  Committee  on  Electrotechnologies  fCCEl.  as  part  of  the  International  Union  for 
Electroheai  (UIE),  provides  a  coordinating  function  in  Canada  to  provide  a  better  understanding 
of  industrial  electroheat  technologies  and  their  uses.  These  electroheat  technologies  include 
microwave  and  radio-frequency  heating.  A  potion  of  tiie  CCE  activities  is  promoting  the  efficient 
and  effective  use  of  electrotechnologies  by  education  (eg,  annual  visits  to  major  engineering 
faculties  across  Canada)  and  published  material  (a  bimonthly  publication  entitled  ‘Electroflash’). 

The  Canadian  Electrical  Association  (CEA)  sponsors  research  and  development  activities  in  support 
of  its  Canadian  electrical  utility  membership.  Over  the  past  several  years,  a  number  of 
investigations  has  been  conducted  to  support  the  development  and  understanding  of  microwave  and 
radio-frequency  heating  triplications  {52,54,75,77]. 

PRIVATE  COMPANY  RESEARCH 

A  number  of  Canadian  companies  are  currendy  involved  in  microwave  applications  research. 
Obviously  many  of  these  companies  do  not  wish  to  divulge  their  exact  involvement  for  proprietary 
reasons;  however,  there  are  a  few  examples  that  can  be  cited. 

Alcan  International  (Kingston  Research  and  Development  Centre)  has  been  involved  in  microwave 
applications  research  in  food  [62-64.67]  and  advanc^  ceramics  [65,66,68,69].  The  latest  reference 
in  the  first  set  [67 J  involves  microwave  oven  modelling  systems  for  optimizing  packaging  design 
that  provides  good  background  information  (and  references)  on  the  value  of  mathematical 
modelling  systems.  Although  it  will  never  repbce  experimental  work,  modelling  can  help  to 
provide  a  direction  for  empirical  testing.  The  second  set  of  references  describe  activity  in 
microwave  processing  of  advanced  ceramics.  The  joining  of  both  high-purity  alumina  and  hot- 
pressed  silicon  nitride  rods  (12  mm  diameter)  using  microwave  radiation  at  2450  MHz  is  described 
[65].  Powers  of  200  to  300  W  resulted  in  joints  with  strengths  up  to  220  MPa  and  600  MPa  for 
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alumina  and  silicon  nitride,  respectively.  The  use  of  microwave  radiation  at  24S0  MHz  is 
described  to  sinter  a  large  variety  of  ceramic  materials  to  produce  materials  ^proaching  theoretical 
densities  [66].  Up  to  40  powder  compacts  averaging  10  grams  in  weight  have  been  sintered 
simultaneously  to  demonstrate  the  feasibility  of  process  scale-up.  Both  alumina  and  silicon  nitride 
were  rapidly  heated  and  sintered  in  times  of  approximately  60  minutes.  Typically,  energy 
consumption  can  be  as  low  as  3.8  kWh/kg.  A  comparison  of  the  energy  requirement  for 
conventional  versus  microwave  sintering,  based  on  multiple  samples  is  included.  References 
[68,69]  detail  the  properties  of  the  alumina  sintered  at  2.4S  GHz,  indicating  that  sintering  densities 
in  excess  of  98%  theoretical  have  been  obtained  in  times  of  between  6  and  120  minutes;  however, 
only  with  sintering  times  greater  than  30  minutes  does  the  product  have  a  uniform  grain  structure. 
Based  on  sintering  of  400  gram  batches,  microwave  processing  is  estimated  to  provide  a  90% 
savings  over  conventional  sintering  in  an  electric  resistance  furnace. 

Ceramics  Kingston,  also  located  in  Kingston,  Ontario  has  also  been  quite  active  in  microwave 
processing  [70-74].  One  reference  [70]  describes  the  preconditioning  of  ceramic  powders  using 
non-intrusive  microwave  coupling  agents  to  improve  the  microwave  absorption  characteristics.  The 
preconditioning  technique  for  Alcoa  A-16  alumina  is  described.  This  technique  involves  mixing 
small  quantities  of  a  preconditioning  agent  with  the  ceramic  powder.  The  mixed  powder  can  then 
be  heated  in  a  2.45  GHz  system  either  as  a  powder  or  a  preform  shape.  Preliminary  test  results 
suggest  that  the  energy  required  for  microwave  sintering/annealing  of  alumina  can  be  reduced  by 
as  much  as  10  to  20  times  simply  by  replacing  conventional  powders  with  preconditioned  ones. 
With  die  addition  of  an  ‘appropriate’  coupling  agent,  microwave  sintering  at  2.45  GHz  of  pure 
alumina  samples  (1.5"  green  diameter)  up  to  98%  of  theoretical  density  has  been  reported  [71]. 
Because  of  the  amount  of  time  and  care  required  to  produce  an  economic  benefit,  this  type  of 
processing  was  questioned.  In  a  third  reference  [73]  the  microwave  calcination  of  Gibbsite  to 
produce  a-alumina  was  shown  to  be  feasible  at  the  bench-scale.  Maximum  surface  area  and 
weight  loss  occur  after  about  5  minutes  at  a  microwave  power  level  of  between  400  to  600  W. 
Development  for  both  sintering  and  calcination  is  being  pursued  by  Ceramics  Kingston.  Finally. 
Ceramics  Kingston  has  reported  the  use  of  microwave  technology  (2.45  GHz)  to  sinter  metal  oxide 
varistors  [72,74].  The  electrical  properties  of  the  microwave-sintered  products  are  comparable  with 
conventionally  sintered  varistors.  Energy  savings,  productivity  increases  and  added  manufacturing 
flexibility  are  also  claimed  by  the  authors. 

Wardrop  Engineering  Ltd,  is  investigating  the  use  of  microwave  energy  for  rendering  meat,  pouluy 
and  fish  by-products  [75].  The  objective  of  the  study,  sponsored  in  part  by  the  Canadian  Electrical 
Association,  is  to  develop  a  microwave  process  that  has  the  potential  to  improve  environmental 
control  and  product  quality  as  compared  to  conventional  rendering  operations. 

SUMMARY 

This  paper  has  reviewed  the  impre.ssive  amount  of  Canadian  research  into  microwave  heating.  The 
references  provide  an  additional  source  of  more  detailed  information.  It  is  apparent  from  this 
information  that  Canadian  researchers  have  potential  microwave  applications  that  can  meet  the 
needs  of  Canadian  industry.  New  applications  being  actively  pursued  range  from  the  processing 
of  ceramics,  minerals  and  food  to  the  development  of  more  energy  efficient  ways  to  produce 
chemicals,  and  manage  hazardous  wastes.  As  in  most  countries,  the  microwave  oven  has 
promulgated  experimentation  in  Canada  that  has  been  partly  responsible  for  the  recent  popularity 
(ie,  affordability)  of  microwave  heating  for  some  researchers.  The  benefits  of  the  technology,  such 
as  selective  and  volumetric  heating,  ait  being  recognized  and  adapted  to  meet  the  diverse 
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lequirements  of  materials  processing.  However,  the  particular  advantages  (and  disadvantages)  of 
microwave  heating  at  this  scale  should  not  be  confus^  with  the  operation  of  large-scale  industrial 
processes.  One  of  our  main  challenges  is  to  more  clearly  understand  what  is  happening  on  a  small 
scale  in  order  to  confidendy  transfer  the  application  to  a  large-scale  industrial  process  (while 
maintaining  the  advantages  observed  in  the  laboratory).  In  Canada,  this  opportunity  is  being 
pursued. 


TABLE  1 

MICROWAVE  HEATING  RESEARCH  IN  CANADA 


GOVERNMENT  RESEARCH 

Atomic  Energy  of  Canada  Research  Ltd. 

, 

dielectric  property  measurement,  applicator 
design 

Canadian  Department  of  Energy,  Mines 
and  Resources  (CANMET) 

mineral  processing 

Ontario  Ministry  of  Energy  (Enersearch 
program) 

funding  assistance  program  for  energy-efHcient 
technologies 

Ontario  Waste  Management  Corpcaation 
(Ministry  of  the  Environnient) 

processing  of  dry  cleaning  waste 

National  Research  Council  (Division  of 
Electrical  Engineering) 

biomedical  effects,  feasibility  assessment, 
equipment  design 

UNIVERSITY  RESEARCH 

Queen’s  University 

microwave  ‘catalysis’,  environmental 
applications,  chemical  synthesis 

ficoIe-Polytechnique  (LAIMO) 

plasma,  dielectric  property  measurement, 
industrial  dielectric  heating  assessments  (in 
cooperation  with  Hydro-Quebec’s  LTEE) 

University  of  Alberta 

dielectric  properties  of  materials,  applicator 
design,  microwave  theory  &  instrumentation 

Laurentian  University 

microwave  chemical  synthesis 

University  of  Waterloo 

biomedical  effects,  industrial  process  feasibility 
assessment  and  equipment  design 
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TABLE  1  (CONT'D) 


ELECTRIC  UTILITY  RESEARCH 

Ontario  Hydro’s  Research  Division 

environmental  applications,  advanced  ceramics, 
mineral  processing 

Hydro-Qu6bec’s  LT66 

rubber  processing,  paper  drying,  design 

Powertcch  (BC  Hydro) 

environmental  applications 

Canadian  Committee  on 
Electrotechnologies 

education  in  industrial  electrotechnologies 

Canadian  Electrical  Association 

electric  utility  research  &  development 

CANADIAN  COMPANY 
AC’nVITIES 

Voss  Associates  Engineering  Ltd 

consultation,  design,  feasibility  assessments 

Alcan  Research 

advanced  ceramics,  food  product  packaging 

Ceramics  Kingston  Inc. 

processing  of  advanced  ceramics 

Wardrop  Engineering 

rendering  of  meat,  poultry  and  fish  by-products 

MBM  Ceramics 

slijrasting  and  drying  of  whiteware 

R&J  Engineering 

drying  of  pharmaceutical  hard  capsules 
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ABSTRACT 

Ceramic  rods  have  been  sintered  in  cold  wall  single  mode  microwave  cavities 
under  a  variety  of  conditions,  including  microwave  heating  and  plasma  heating. 
High  sintering  rates,  high  density  and  fine  grain  sizes  were  achieved  for  0- 
alumina  and  Al203-TiC  composites  under  favorable  conditions.  Thermal  run¬ 
away  often  was  observed  in  alumina  during  microwave  heating  if  the  heating  rate 
was  more  than  a  few  degrees  per  second.  On  the  other  hand,  microwave  plasma 
sintering  of  alumina  was  accomplished  at  very  high  heating  rates  (100  K/s). 

INTRODUCTION 

Berteaud  and  Badot  used  a  TEjo^  (the  value  of  n  was  not  specified)  cavity  to 
sinter  alumina,  and  reported  that  a  stable  temperature  near  1700  C  could  be 
maintained  with  about  100  W/cm^.[l]  At  higher  powers  a  runaway 
phenomenon  took  place.  Colomban  and  Badot[2]  followed  this  work  by  firing 
/3-alumina  in  the  same  type  of  cavity.  Their  microstructures  appear  to  indicate 
that  melting  had  occurr^  on  the  interior  of  the  specimens.  In  1979  they 
published  the  paper  with  the  optimistic  title  ”Le  Chauffage  par  microondes 
methode  de  cuisson  des  ceramiques  en  1990!"  (Microwave  Heating;  Firing 
Method  for  Ceramics  by  1990!),  in  which  they  outlined  the  basic  principles  of 
microwave  heating  of  ceramics.  [3]  Perhaps  their  dream  has  not  yet  beer 
realized. 
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EXPERIMENTAL  PROCEDURES 


Following  the  initial  work  of  Berteaud  and  Badot,  the  present  author  and 
Professor  Morris  E.  Brodwin  of  the  Department  of  Electri^  Engineering  and 
Computer  Science  began  a  microwave  sintering  program,  commencing  with  the 
design  and  construction  of  a  TEjqj  rectangular  cavity  with  a  set  of  replaceable 
apertures  and  a  moving  short  circuit.  (Eventually  an  adjustable  aperture  was 
designed,  built  and  utilized  to  significant  advantage.)  Specimens  in  the  form  of 
tubes  or  rods  were  passed  through  the  broad  faces  of  the  cavity  at  a  position 
corresponding  to  a  maximum  in  the  electric  field  of  the  empty  cavity.  Choke 
tubes  were  utilized  to  mitigate  leakage  of  microwave  energy  out  of  the  cavity. 
No  insulation  was  used  so  that  the  temperature  of  the  surface  of  the  sample  could 
be  monitored  continuously  by  an  optical  pyrometer  through  choked  peepholes  in 
the  narrow  walls  of  the  cavity.  For  some  experiments  the  choke  tubes  were 
extended  into  the  cavity,  as  shown  schematically  in  Fig.  1,  leaving  a  gap  of  25 
mm  where  the  sample  was  exposed  to  the  microwave  energy. [4] 


>aperature 


specimen 


Fig.  1.  Vertical  cross  section  of  TEjqs  rectangular  cavity. 
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A  cylindrical  TEm  cavity  was  designed  and  constructed  for  the  sintering  of  SiC 
rods  (see  Fig.  2).  When  insufficient  heating  was  observed,  the  interior  of  the 
cavity  was  polished  and  silver  plated.  The  cavity  also  was  sealed  so  that 
pressures  up  to  1  MPa  could  be  achieved  to  suppress  electrical  breakdown  of  the 
sintering  atmosphere. 


Fig,  2.  Vertical  cross  section  of  cylindrical  TEm  cavity. 


In  an  independent  study,  alumina  rods  were  sintered  in  gas  plasmas  excited  by 
microwaves.  Initially,  a  reduced  height  waveguide  applicator  terminated  by  a 
fixed  short  circuit  was  used  for  rapid  pass-through  sintering. [5]  Recently,  a 
cylindrical  TMoj2  cavity  was  designed  following  Asmussen,  et  al.[6]  and  used 
to  sinter  stationary  alumina  rod  and  thimble  spiecimens  in  a  variety  of  plasma  gas 
compositions.  [7] 
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RESULTS  AND  DISCUSSION 


The  first  specimens  attempted  were  isostadcally  pressed  tubes  of  jS-alumina*. 
It  was  found  that  uniform  heating  was  impossible  to  obtain.  A  localized  high 
temperature  zone  would  develop  on  the  side  of  the  tube  facing  the  microwave 
source,  but  failed  to  spread  around  the  tube.  Increasing  the  power  eventually 
resulted  in  local  m^-lting.  A  similar  result  obtained  even  if  the  specimen  was 
rotated  before  and  during  heating.  However,  isostatically  pressed  4  mm  diameter 
rods  of  the  same  material  were  heated  and  sintered  successfully  by  rapid  pass¬ 
through  sintering. 

Specimens  were  rotated  and  translated  through  the  cavity  at  velocities  of  10-40 
mm/min.  The  surface  temperature  and  final  linear  shrinkages  are  plotted  in  Figs. 
3  and  4.  The  shrinkage  plateau  of  Fig.  4  corresponded  to  a  final  average  relative 
density  of  92%. 


Fig.  3.  Surface  temperature  of  j3-alumina  rods  as  a  function  of  velocity  through 
the  cavity. 


*  Alcoa  Industrial  Chemicals,  Bauxite,  AR  72011 
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Fig.  4.  Radial  shrinkage  of  /3-alumina  rods  as  a  function  of  translation  velocity 
through  the  cavity. 

Although  the  heating  rate  was  not  measured  directly,  average  values  can  be 
obtained  from  the  peak  temperature  measurements,  translation  rates,  and  gap 
width  over  which  the  sample  received  microwave  excitation.  By  this  means  it 
was  estimated  that  the  highest  average  heating  rate  was  on  the  order  of  50  C/s, 
but  peak  heating  rates  were  probably  in  the  range  of  100  C/s  at  the  highest 
translation  velocity.  Stable  hot  zones  could  not  be  maintained  at  higher 
translation  rates. 

Maximum  temperatures  within  the  specimens  obviously  were  higher  than  the 
surface  temperatures.  For  instance,  large  grains  indicative  either  of  runaway 
grain  growth  or  melting  were  observed  on  the  interior  of  specimens  which  had 
a  surface  temperature  of  1800  C.  However,  at  the  surface  temperatures  shown 
in  Figs.  3  and  4,  the  interior  grain  size  was  on  the  order  of  only  30%  greater 
than  the  surface  grain  size.  This  may  indicate  an  axial  temperature  gradient 
greater  than  the  radial  gradient  in  these  rapid  pass-through  experiments.  In 
parallel  with  the  observed  density,  the  grain  size  also  was  independent  of 
specimen  translation  velocity,  with  the  center  grains  being  on  the  order  of  2  /xm 
in  diameter. 
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Our  attention  was  then  turned  to  the  sintering  of  SiC  in  the  TE^u  cavity.  It  was 
immediately  observed  that  SiC  could  not  be  heated  adequately  in  argon,  the 
atmosphere  of  choice  in  conventional  sintering  of  SiC,  because  of  breakdown. 
All  further  studies  were  conducted  in  nitrogen  because  of  its  higher  breakdown 
strength,  recognizing  that  a  higher  temperature  would  be  required  for  sintering. 
Rods  4  mm  in  diameter  could  be  heated  to  about  1700  C  in  the  as-machined 
cavity.  The  interior  of  the  cavity  was  then  polished  and  silver  plated,  after  which 
the  maximum  temperature  achievable  rose  200  C.  Finally,  pressurization  to  about 
1  MPa  made  it  possible  to  heat  specimens  to  2000  C,  as  shown  in 
Fig,  5. [8], [9]  Of  course,  it  is  well  known  that  SiC  does  not  sinter  in 
nitrogen  at  this  temperature. 


300  400  500  600  700 


Absorbed  power,  W 

Fig.  5.  Surface  temperature  of  SiC  rods  as  a  function  of  power  absorbed  for  the 
cavity  as-machined,  as-polished  and  silver  plated,  and  as-pressuri^ed  with 
nitrogen. 
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Rods  of  a-alumina  were  sintered  successfully  if  adequate  precautions  to  avoid 
thermal  runaway  were  taken. [10]  A  final  grain  size  of  2  jum  was  achieved 
at  densities  of  99.9%  for  Baikowski  CR30  alumina*  containing  0.25%  MgO,  see 
Fig.  6. 


Fractional  porosity 

Fig.  6.  Grain  size  as  a  function  of  porosity  for  microwave  sintered  Baikowski 
CR30  alurnina. 


The  best  results  were  obtained  with  Al203-TiC  composites.[ll],[12] 
Here  it  was  observed  that  the  presence  of  the  lossy  TiC  suppressed  thermal 
runaway.  Thermal  runaway  was  not  observed  in  4  mm  diameter  rods  with  TiC 
concentrations  of  30%  by  volume  or  greater.  Stable  heating  rates  as  high  as  50 
C/s  could  be  achieved,  as  can  be  inferred  from  Fig.  7. 

Two  factors  may  have  contributed  to  this  result.  First,  the  temperature 
dependence  of  the  effective  electrical  conductivity  at  the  microwave  frequency 
probably  is  significantly  less  in  TiC  than  in  alumina,  which  would  reduce 
preferential  heating  of  local  hot  spots.  Second,  the  thermal  conductivity  is  greater 
in  the  composite  than  in  alumina,  which  would  permit  more  rapid  dissipation  of 
the  extra  heat  generated  at  a  local  hot  spot. 


*Baikowski  Industrial  Corp.,  Charlotte,  NC  28210 
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Fig.  7.  Temperature  as  a  function  of  time  for  rods  of  alumina-30%  TiC  as  a 
function  of  time  at  various  input  power  levels. 


Temperature  distributions  in  semi-infinite  solids,  slabs  and  cylinders  was  modeled 
by  Watters.  [13]  The  general  result  for  finite  specimens  was  that  temperature 
gradients  in  alumina  can  be  quite  high.  Further  modeling  of  steady  state 
temperature  distributions  have  included  the  effects  of  thermal  insulation.  Heat  at 
the  surface  of  the  specimen  was  assumed  to  be  dissipated  by  both  convection  and 
radiation.  Figure  ®  shows  the  computed  difference  between  the  steady  state 
center  and  surface  temperatures  as  a  function  of  thermal  conductivity  for  a  4  mm 
diameter  infinite  cylinder  for  the  following  conditions:  center  line  temperature 
1600  C,  dielectric  loss  proportional  to  exp(-leV/RT),  surface  emissivity  0.6, 
temperature  of  surroundings  300  K,  no  thermal  insulation,  and  uniform 
microwave  field  throughout  the  specimen. 

Of  course,  the  temperature  gradients  can  be  reduced  by  enclosing  the  specimen 
in  thermal  insulation.  The  calculated  temperature  difference  is  plotted  as  a 
function  of  thickness  of  thermal  insulation  in  Fig.  9.  Here  the  density  and 
temperature  dependent  thermal  conductivity  of  SALI*  alumina  fiber  insulation 
were  used.  T  e  insulation  was  assumed  to  have  the  same  activation  energy  of 
dielectric  loss  as  the  specimen  (1  eV),  and  its  absorption  of  microwave  power  at 


*Zircar  Products,  Inc.,  Florida,  NY  10921 
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0  i . .  Vd  *’ 

thermal  conductivity,  If/mK 

Fig.  8.  Computed  steady  state  difference  between  the  center  temperature, 

(J873  K),  and  the  surface  temperature,  T,,  of  a  4  mm  diameter  rod  as  a 
function  of  thermal  conductivity.  See  text  for  a  description  of  the 
assumptions  used. 


insulation,  mm 

Fig.  9.  Computed  steady  state  difference  between  center  and  surface  temperature 
of  4  mm  diameter  rods  with  a  thermal  conductivity  of  5  W/mK  as  a 
function  of  insulation  thickness.  See  text. 
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any  given  temperature  and  field  was  assumed  to  scale  as  its  relative  density  (12% 
of  theoretical).  The  thermal  conductivity  of  the  specimen  was  chosen  to  be 
5  W/mK  (approximates  nearly  dense  alumina  at  the  temperatures  of  interest), 
while  that  of  the  insulation  varied  from  0.33  to  0.43  W/mK  from  1'  :  to 

16(X)  C.  It  is  interesting  to  note  that  substantial  temperature  gradients  exist  even 
with  thick  insulation  covering  this  small  specimen.  There  certainly  must  be 
gradients  if  any  microwave  power  is  absorbed  by  the  specimen,  since  this  power 
must  be  transferred  into  the  insulation  at  the  surface  of  the  specimen  in  the  steady 
state. 

An  alternative  method  of  reducing  temperature  gradients  that  has  been  studied  in 
some  detail  is  to  immerse  the  sample  in  a  plasma  excited  by  the  microwave  field. 
Kemer  investigated  the  sintering  of  a*alumina  in  a  nitrogen  plasma  using  both 
translation  and  stationary  specimens.  [5]  He  observed  stable  heating  rates 
probably  in  excess  of  100  C/s,  with  final  temperatures  possibly  exceeding 
1900  C.  Sintered  densities  in  excess  of  99%  were  observed  under  these 
conditions  for  Baikowski  CR30  alumina  doped  with  MgO.  The  average  grain 
growth  rates  during  sintering  were  on  the  order  of  1.5  nm/min  with  final  grain 
sizes  averaging  <3  ^m.  Instantaneous  linear  shrinkage  rates  as  high  as  2.4%/s 
were  measured  at  a  translation  rate  of  30  mm/min.  Densities  approaching  99.9% 
of  theoretical  were  achievable  in  less  than  10  min  in  stationary  specimens  at 
power  levels  of  400  W  absorbed  in  the  plasma.  However,  alumina  was  corroded 
extensively  by  the  nitrogen  plasma  if  the  specimen  was  held  fixed  in  the  plasma. 

Kemer  observed  that  alumina  could  not  be  heated  to  the  sintering  temperature 
range  in  a  pure  argon  plasma.  Recently  Sweeney  [7]  completed  a  study  of 
microwave  plasma  sintering  of  alumina  in  argon  plasmas  to  which  diatomic  gases 
were  added,  and  observed  the  conditions  under  which  suitable  heating  can  be 
attained.  She  confirmed  that  alumina  will  not  sinter  in  a  pure  argon  microwave 
plasma,  but  that  additions  of  oxygen  or  nitrogen  will  raise  the  specimen 
temperature  and  permit  sintering.  At  low  concentrations  (10%  and  less)  oxygen 
results  in  higher  densities  than  nitrogen,  but  the  results  converge  at  15%  and 
above. 

Finally,  Hsu  investigated  the  heating  of  a  variety  of  oxide  ceramic  materials  in 
He,  Hj,  N2,  and  O2  plasmas.I14]  Among  other  things,  he  showed  that  the 
penetration  of  microwave  energy  through  the  plasma  to  directly  heat  the  specimen 
can  be  controlled  to  some  extent  by  controlling  the  pressure  and  composition  of 
the  plasma.  It  should  be  mentioned  that  microwave  excitation  was  used  in  the 
first  plasma  sintering  study,  and  that  a  significant  reduction  in  sintering 
temperature  was  observed  for  alumina.[15],[16]  It  remains  to  be  seen 
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whether  that  enhancement  was  due  primarily  to  the  plasma  or  to  the  microwave 
energy  that  penetrated  the  plasma  to  heat  the  specimen  directly. 

CONCLUSIONS 

Rod  specimens  of  0-  and  a-alumina  and  alumina-TiC  composites  can  be  sintered 
rapidly  in  cold  wall  single  mode  applicators  under  certain  conditions.  Alumina- 
TiC  is  particularly  amenable  to  Ais  procedure,  since  thermal  ruiuiway  is  easily 
avoided.  High  densities  and  fine  grain  sizes  can  be  realized.  Tl)e  sintering  of 
alumina  specimens  in  a  microwave  excited  plasma  is  much  more  easily  controlled 
than  by  microwave  heating  alone  in  the  single  mode  applicators. 

ACKNOWLEDGEMENTS 

The  research  was  supported  in  part  by  the  Electric  Power  Research  Institute  under 
Contract  No.  RP2730-1,  tne  National  Science  Foundation  under  Grants  Nos. 
DMR-7918403  and  DMR-8326710,  and  the  United  States  Army  Research  Office 
under  Grant  No.  DAAG29-80-K-0031. 

REFERENCES 


1.  A.  J.  Berteaud  and  J.  C.  Badol,  "High  Temperature  Microwave  Heating 
in  Refractory  Materials,"  J.  Microwave  Power,  H  [4]  315-20  (1976). 

2.  P.  Colomban  and  J.  C.  Badot,  "Elaboration  of  Anisotropic 
Superconducting  Ceramics  (Na"^  ^-alumina)  by  Microwave  Heating," 

Mat.  Res.  Bui.  13  135-139  (1978). 

3.  P.  Colomban  and  J.  C.  Badot,  "Microwave  Heating:  Firing  Method  for 
Ceramics  by  1990!",  L’industrie  Ceramique,  725  101-107  (1979). 

4.  John  Bumgarner,  "Microwave  Sintering  of  Alumina  Ceramics",  MS 
Thesis,  Northwestern  University  (1984). 

5.  E.  L.  Kemer  and  D.  L.  Johnson,  "Microwave  Plasma  Sintering  of 
Alumina,"  Am.  Ceram.  Soc.  Bull.,  M  [8]  1132-36  (1985). 

6.  J.  Asmussen,  Jr.,  R.  Mallavarpu,  J.  R.  Hamann,  and  H.  C.  Park,  "The 
Design  of  a  Microwave  Plasma  Cavity,"  Proceedings  of  the  IEEE  1,  109- 
117  (1974). 


Microwa'es 


7.  M.  P.  Sweeney  and  D.  L.  Johnson,  "Microwave  Plasma  Sintering  of 
Alumina,"  to  be  published  Ceramic  Transactions.  Proceedings  of  93rd 
Ann.  Mtg.  of  the  Am.  Ceram.  Soc.,  Cincinnati,  OH,  (April  1991). 

8.  D.  L.  Johnson  and  M.  E.  Brodwin,  "Microwave  Sintering  of  Ceramics," 
Electric  Power  Research  Institrte  Research  Project  2730-01,  Interim 
Report,  March  1987 

9.  Y.-L.  Tian,  M.  E.  Brodwin,  H.  S.  Dewan,  and  D.  L.  Johnson, 
"Microwave  Sintering  of  Ceramics  Under  High  Gas  Pressure,"  in 
Microwave  Processing  of  Materials.  Mat.  Res.  Soc.  Symp.  Proc.  Vol. 
124.  Eds.  W.  H.  Sutton,  M.  H.  Brooks,  and  I.  J.  Chabinsky,  (1988)  pp. 
213-218. 

10.  Y.  L.  Tian,  D.  L.  Johnson,  and  M.  E.  Brodwin,  "Ultrafine 
Microstructure  of  AI2O3  Produced  by  Microwave  Sintering,"  in  Ceramic 
Transactions  Vol.  T.  Ceramic  Powder  Science  2.  Part  B.  The  American 
Ceramic  Society,  Inc.,  Westerville,  Ohio,  (1988)  pp.  925-932. 

11.  Y.  L.  Tian,  D.  L.  Johnson,  and  M.  E.  Brodwin,  "Microwave  Sintering 
of  Al203-TiC  Composites,"  in  Ceramic  Transactions  Vol.  I.  Ceramic 
Powder  Science  2.  Part  B.  The  American  Ceramic  Society,  Inc., 
Westerville,  Ohio,  (1988)  pp.  933-938. 

12.  Y.  L.  Tian,  H.  S.  Dewan,  M.  E.  Brodwin,  and  D.  L.  Johnson, 
"Microwave  Sintering  Behavior  of  Alumina  Ceramics,"  Ceramic 
Transactions.  Vol.  7.  Sintering  of  Advanced  Ceramics.".  The  American 
Ceramic  Society,  Westerville,  Ohio,  (1990)  pp.  391-401. 

13.  D.  G.  Watters,  "An  Advanced  Study  of  Microwave  Sintering,"  Ph.D. 
Thesis,  Northwestern  University,  June  1989. 

14.  Matthew  Hsu,  "Heating  Effects  During  Microwave  Plasma  Sintering  of 
Ceramics,"  Ph.D.  Thesis,  Northwestern  University,  June  1991. 

15.  C.E.G.  Bennett,  N.  A.  McKinnon,  and  L.  S.  Williams,  "Sintering  in  Gas 
Discharges,"  Nature,  211,  1287-88  (1968). 

16.  C.E.G.  Bennett  and  N.A.  McKinnon,  "Glow  Discharge  Sintering  of 
Alumina,"  in  Kinetics  of  Reactions  in  Ionic  Systems.  Edited  by  T.  J. 

Gray  and  V.  D.  Frechette,  Plenum  Press,  New  York,  (1969)  pp.  408-12. 


28 


Microwaves 


MICROWAVE  PROCESSING  ACTIVITIES  AT  THE  UNIVERSITY  OF  FLORIDA 


D.F^  Clark  and  D.C.  Folz,  Dept,  of  Materials  Science  and  Engineering,  University  of  Florida, 
Gainesville,  FL  32611. 

ABSTRACT 

Spedflc  projects  where  emphasis  is  placed  on  the  use  of  microwave  energy  as  an 
alternative  heat  source  will  be  reviewed.  Areas  of  interest  include  sintering  and  annealing  of 
superconductors,  solid-state  reactions,  joining,  self-propagating  high  temperature  synthesis, 
surface  modification  and  white-wares  fabrication. 

BACKGROUND 

Our  program  in  microwave  processing  was  initiated  in  1987  with  one  graduate  student 
working  with  a  700  watt  2.45  GHz  home  microwave  oven.  A  significant  effort  was  expended 
during  the  first  six  months  in  modifying  this  oven  in  order  to  achieve  and  contain  the  high 
temperatures  required  for  processing  ceramics. 

The  material  that  we  selected  for  preliminary  investigation  was  YBa2Cu307.^  a 
superconductor  below  -92K.  The  rationale  for  this  selection  was  two-fold.  Previous  work  by 
other  investigators  indicated  that  CuO  was  a  fairly  good  susceptor  of  miaowave  energy,  and 
thus  it  should  be  possible  to  microwave  heat  mixtures  of  CuO,  Y2O3  and  BaC03.  Indeed,  this 
proved  to  be  the  case.  A  second  reason  for  selecting  this  material  system  was  the  enormous 
market  potential.  Figure  1  illustrates  that  ceramic  superconductors  can  be  sintered  and 
annealed  in  a  microwave  oven.  Considerably  less'  time  and  somewhat  lower  temperatures  are 
required  to  ^eld  equivalent  properties  as  compared  to  conventional  heating  methods. 


Typical  Sintering  Schedule 
to  achieve  80%  theoretical  Penalty 


Figure  1.  Time  versus  temperature  curve  for  YBa2Cu307,j,  processed  using  microwave 

and  conventional  techniques. 
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By  1989,  we  had  learned  to  process  a  wddc  variety  of  materials  in  the  microwave  oven. 
These  included  whitewares,  electro-optic  ceramics,  powdered  metals,  alumina  and  glasses.  One 
of  the  most  exciting  discoveries  was  that  miaowave  energy  could  be  used  to  ignite  and  combust 
mixtures  of  Ti  and  C,  Mo  and  Si,  Ti02,  A1  and  C,  and  other  powdered  mixtures  exlubiting 
exothermic  behavior.  In  one  specific  system,  we  ignited  the  interior  nf  powder  compacts  and 
controlled  the  radial  propagation  of  reaction  from  the  inside  to  the  external  surfaces.  The 
reacdon  b  shown  below. 

TiOj  +  A1  +  C  -  AI2O3  +  Tic  +  heat  (1) 

Samples  prepared  by  thb  method  are  shown  in  Figure  Z 

PROCESSING  TIBiIE: 


0:00  min.  6:00  min.  8:00  min.  12:00  min. 

Light  Area:  4A1  +  3T10,  -i-  3C  (reactants) 

Dark  Area:  2Al,0,/3TiC  (products) 

Figure  2.  Samples  of  AljOj/TiC  processed  by  combustion  synthesb  in  a  700  watt 
microwave  oven. 

The  University  of  Florida  sponsored  a  July  1989  workshop  on  microwave  processing. 
Engineers  and  sdentbts  from  national  laboratories,  equipment  manufacturers  and  material 
manufacturers  were  invited.  The  major  conclusions  from  thb  workshop  are  summarized  below. 

•  Companies  are  interested  in  using  microwave  processing  if  it  offers  advantages 
in  the  form  of  energy  and  time  savings,  or  if  it  results  in  materiab  with 
superior  properties. 

•  There  b  a  need  for  basic  science  research  to  develop  a  better  understanding 
of  microwave/material  interaction. 

•  Equipment  manufacturers  must  work  more  closely  vwth  materiab  processors 
for  scale-up  and  product  analyses. 
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As  a  result  of  Uus  worksbop,  the  University  of  Florida  estabUshed  a  close  working 
relationship  with  Raytheon  Company,  a  major  manufacturer  of  microwave  equipment  Also, 
a  project  was  initiated  vnth  Florida  Tile  Division  of  Sikes  Corporation,  a  leading  U^.  producer 
of  ceramic  tiles. 

EQUIPMENT  DEVELOPMENT 

Our  miaowave  processing  facility  consists  of  a  700  watt,  single-mode  applicator,  a  6.4 
kw  multimode  oven  and  several  low  power  (SOO  -  800  watt)  home  microwave  ovens  modified 
to  meet  specific  requirements.  The  single-mode  unit  was  installed  recently  and  no  studies  have 
been  completed  to  date.  However,  we  expect  to  use  it  for  basic  science  studies  in  the  near 
future.  One  of  the  home  microwave  ovens  was  modified  to  provide  in  situ  weight  changes  in 
the  material  during  heating.  Its  design  and  use  is  described  in  another  paper  in  these 
proceedings.  It  is  referred  to  as  a  microwave  thermogravimetric  analyzer  (MTGA). 

The  major  workhorse  of  our  group  is  the  6.4  kw,  Z45  GHz  multimode  unit  acquired 
from  Raytheon  ^mpany.  This  oven  was  designed  originally  to  cure  rubber  and  dry  wood.  We 
have  modified  it  for  use  at  higher  temperatures.  A  schematic  is  shown  in  Figure  3.  A  shielded 
thermocouple  and  optical  pyrometer  have  been  installed  to  monitor  and  control  temperature 
inside  a  ceramic  cavity.  This  cavity  was  designed  to  be  transparent  to  microwaves  and  opaque 
to  infrared.  We  also  have  the  option  of  using  a  cavity  lined  with  a  thin  coating  of  SiC  powder 
that  results  in  microwave  hybrid  heating  of  the  sample.  The  atmosphere  can  be  controlled  to 
a  certain  extent  by  flowing  various  gases  such  as  argon  and  oxygen  through  the  cavity. 
Temperatures  as  high  as  2000*C  have  been  attained  within  moments,  but  it  is  more  routine 
to  operate  in  the  range  of  800  -  1650*  C. 


Schematic  of  Microwave  Processing  Facility  : 
6.4  KW{ma>f.);  2.45  GHz. 


Figure  3.  Schematic  of  the  microwave  cavity  design  tised  at  the  University  of  Florida. 
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FOCUS  AREAS 


Our  major  interest  in  microwave  energy  is  its  use  in  materials  processing.  We  have 
selected  several  areas  of  ceramic  processing  that  we  believe  can  benefit  by  the  use  of  microwave 
energy,  either  economically  or  through  improved  materials  properties.  These  mclude: 

•  Solid  State  Reactions 

•  Joining 

•  Superconductors 

•  Binder  Burnout 

•  Surface  Modification 

•  Ultra-rapid  Sintering 

•  Glass  Melting 

Each  of  these  areas  is  more  fully  described  in  other  papers  in  these  proceedings.  Some 
significant  points  of  the  research  in  these  areas  are  highlighted  below. 

Solid-state  reactions.  Materials  used  m  this  study  were  AI2O3  powders,  single  crystals 
of  AI2O3  and  ZnO  powders.  Mixtures  of  AI2O3  and  ZnO  were  heated  in  a  microwave  oven 
to  jneld  the  following  reaction. 

ZnO  +  AI2O3  -  Zn  AljOj  (2) 

Both  7ji  diffusion  and  the  reaction  site  were  found  to  be  enhanced  under  certain  conditions  [1]. 

Joining.  Materials  used  in  this  study  were  94  percent  alumma  substrates  and  alumina- 
containing  sols.  The  substrates  were  joined  together  with  the  sol  and  subsequently  heated  in 
a  microwave  ovea  to  high  temperatures.  Joints  nearly  as  strong  as  that  of  the  bulk  materials 
were  obtained  when  the  materials  were  heated  to  IGOO'C  [2]. 

Superconductors.  Materials  used  in  this  study  were  YBa2Cu307.,  powders.  Both 
sintering  and  annealing  were  accomplished  in  shorter  times  than  with  conventional  methods. 
Comparable  superconducting  and  environmental  stability  properties  were  observed  [3]. 

Binder  burnout.  Materials  used  in  this  study  were  AI2O3  powders  and  polymethyl 
methacrylate  (PMMA).  The  objective  of  the  research  was  to  determine  if  microwaves  offer  any 
advantage  over  conventional  heating  methods  for  the  removal  of  binders.  We  constructed  a 
microwave  thermogravimetric  analyzer  (MTGA)  to  facilitate  data  collection.  We  expect  binder 
burnout  to  become  more  efficient  in  the  microwave  oven  as  the  sample  size  is  increased  [4]. 
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Surface  modification.  Materiak  used  in  this  study  were  various  compositions  of  Na20  - 
AI2O3  -  Si02  glasses  and  KNO3.  Microwave  energy  was  used  to  carry  out  the  following 
reaction  that  resulted  in  chemically  strengthened  glass. 

glass  -  Na+  +  -  glass  -  K*  +  Na+(„^,„  (3) 

When  this  reaction  was  carried  out  in  a  microwave  oven,  the  rate  of  ion  exchange  was  about 
four  times  faster  than  in  a  conventional  oven  under  equivalent  conditions.  Additionally,  the 
miaowave  enhanced  effects  were  glass-composition  (structure)-dependent  [5]. 

Ultra-rapid  sintering.  Materials  used  in  this  study  were  AI2O3  powders  of  various 
particle  sizes.  The  objective  of  this  study  was  to  use  a  combination  of  microwave  and 
conventional  heat  to  result  in  ultra-rapid  and  uniform  heating.  Using  this  technique,  referred 
to  as  microwave  hybrid  heating  (MHH),  samples  with  superior  microstructure  and  properties 
were  produced,  as  compared  to  equivalent  samples  produced  by  conventional  fast  firing 
methods  [6]. 

Glass  melting.  Materials  used  m  this  study  were  simulated  nuclear  waste  glass  frits 
obtained  from  Savannah  River  Laboratory.  We  demonstrated  that  these  frits  can  be  melted  and 
homogenized  using  microwave  energy.  Leaching  performance  of  these  glasses  was  at  least  as 
good  as  those  prepared  with  conventional  methods  [7]. 


SUMMARY 

We  have  presented  a  very  brief  overview  of  the  activities  in  miaowave  processing  at 
the  University  of  Florida.  Each  of  the  focus  areas  will  result  in  a  master’s  or  doctoral  degree. 
In  some  cases,  a  focus  area  will  result  m  several  degrees.  Importantly,  the  results  to  date 
appear  sufficiently  promising  in  some  areas  to  suggest  that  technology  transfer  should  be  rapid. 
Results  from  these  studies  will  lead  most  certainly  lead  to  a  better  understanding  of  microwave/ 
material  interactions  and  reveal  new  applications  for  miaowave  processing. 
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ABSTRACT 

An  interdisciplinary  effort  to  address  certain  modeling,  measurements,  and  characterization 
aspects  of  microwave  processing  of  ceramics  was  initiated  at  the  University  of  Utah  almost  a  year 
ago.  The  FDTD  method  was  usm  to  model  EM  power  deposition  pattems  m  single-mode  cavities, 
some  microwave  sintering  experiments  were  conducted  in  a  multimode  cavity  and  using  SiC  rods 
as  process  stimulus,  and  a  wide  variety  of  dielectric  and  thermophysical  properties  were  measured 
on  microwave-  and  conventionally  sintered  samples.  This  paper  summarizes  these  efforts  and  pre¬ 
sents  initial  results. 

INTRODUCTION 

Approximately  a  year  ago  an  interdisciplinary  team  from  the  Electrical  Engineering  and 
Materials  Science  and  Engineering  Departments  at  the  University  of  Utah  initiated  a  focused  effort 
to  address  certain  modeling,  measurements,  and  characterization  aspects  of  microwave  processing  of 
ceramics.  This  activity  was  motivated  by  an  Engineering  Clinic  research  grant  from  Oak  Ridge 
National  Laboratory  (ORNL).  The  Engineering  Clinic  team  first  identified  areas  where  available 
measurement  research  facilities  and  computer  c^es  can  effectively  contribute  to  the  overall  project 
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objectives  of  sitnulation  of  the  microwave  processing  procedure  and  characterization  of  the  sintered 
ceramics.  Research  in  the  following  areas  was  putsi^ 

•  Simulation  of  microwave  processing  of  ceramics  in  single-  and  multi-mode  cavities. 

•  Microwave  sintering  experiments. 

•  Dielectric  properties  measurements  as  a  function  of  temperature  and  over  a  broad  fre¬ 
quency  band. 

•  Thermophysical  and  microstructural  characterization  of  microwave-sintered  ceramics. 

SIMULATION  OF  MICROWAVE  PROCESSING  OF  CERAMICS  IN  SINGLE-  AND  MULTI- 
MODE  CAVITIES 

It  is  believed  that  the  simulation  of  the  microwave  processing  procedure  would  provide 
valuable  information  that  may  help  in  characterizing  the  heating  process,  identification  of  critical 
parameters,  and  hopefully  lead  to  future  optimization  of  tiie  process.  Presently,  sample  sizes  and 
shapes,  type  and  thickness  of  the  surrounding  insuladon,  and  Lie  desirability  of  including  a  process 
stimulus  such  as  SiC  rods  are  considered  forms  of  art  anc  highly  depradent  on  human  expertise. 
Modeling  and  simulation  of  the  microwave  heating  process  may  help  identify  critical  parameters 
and  stimulate  critical  thinking  towards  their  optimization. 

The  simulation  of  the  microwave  sintering  prot^  consists  of  two  parts.  This  includes  the 
calculation  of  the  electromagnetic  (EM)  powa  deposition  panern  which  is  then  used  to  calculate 
the  thermal  pattern.  Solution  procedures  of  these  two  calculations  and  samples  of  obtained  results 
are  described  in  the  following  sections. 

Calculauon  of  the  EM  Power  Deposition  Pattern 

After  careful  examination  of  available  options  in  computational  electromagnetics,  the  Dinic 
team  decided  to  use  the  Finite-Difference  Time-Domain  (FDTD)  method  to  model  the  ceramic-insu¬ 
lation  samples  in  single-  and  multi-mode  cavides.  Figure  1  shows  the  modeled  geometries  where 
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Fig.  1.  The  geometry  of  a  microwave  sintering  process  modeled  using  FDTD.  The  conducting 
boundaries  of  the  cav^  may  be  assumed  perfect  conductors  or  conductors  of  practical 
conducting  values  (10'  S/m).  The  excitadon  plane  was  placed  inside  the  cavity. 
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it  is  clear  that  rectangular  cavities  of  various  dimensions  were  used  in  these  analyses.  The  FDTD 
solution  procedure  is  described  elsewhere  [1-3]  and  a  3D  computer  code  available  at  the  University 
of  Utah  was  used  for  these  calculations.  The  excitation  plane  was  used  to  assume  an  arbitrary  inci¬ 
dent  electric  field  that  is  needed  to  initiate  the  iterative  solution  procedure. 

Solution  convergence  to  modes  of  empty  cavities.  To  examine  the  convergence  of  the  solu¬ 
tion  procedure  and  in  particular  the  effect  of  the  initially  assumed  fields  on  the  convergence  rate, 
solutions  for  several  modes  of  an  empty  cavity  were  first  calculated.  Figure  2  shows  the  results 
obtained  where  it  is  clear  that  convergence  was  achieved  for  several  cavity  modes  regardless  of  the 
initially  assumed  fields  on  the  excitation  planes.  The  possibility  of  using  more  than  one  excita¬ 
tion  plane  was  also  examined  and  small  differences  on  the  convergence  rates  were  observed.  It 
should  also  be  noted  that  at  frequencies  off  resonance,  the  field  distribution  in  the  cavity  was  much 
smaller  than  that  predicted  at  resonance. 


Fig.  2.  Convergence  of  the  FDTD  solution  to  cavity  modes  predicted  analytically,  (top)  TE  jq  j 

mode  ,(bottom)  TE2oi  mode. 

Field  distribution  in  a  dielectric  object  within  the  cavity.  We  examined  next  the  accuracy  of 
the  calculated  electric  field  distribution  in  a  dielectric  object  placed  inside  the  cavity.  To  help  in 
this  evaluation  a  spherical  object,  for  which  an  approximate  analytical  solution  is  available,  was 
utilized.  Figure  3  shows  the  results  obtained  for  tlu^  different  values  of  Ej,  of  the  dielecuic  sphere. 
In  general,  good  agreement  can  be  observed  with  equation  (1),  the  expression  usai  as  the  analytical 
solution. 


3 

Ej  +  2 
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Fig.  3.  Electric  field  distribatkm  in  a  small  spherical  object  placed  inside  a  cavity  operating  at 
TEjq]  mode.  Obtained  results  when  aveiagM  throughout  the  sphere  agreed  with 
equation  (1)  to  within  IS  percer.L  Data  was  calculated  for  =  3, 6,  and  10. 

Field  continuity  at  the  dielectric  boundaries.  Another  validation  that  needs  to  be  checked  in 
the  adopted  solution  is  the  accuracy  of  the  results  obtained  in  satisfying  the  boundary  conditions 
for  the  tangential  and  nonnal  field  components.  For  this  purporo  field  components  were  calculated 
at  the  dielwtric  interface.  The  results  snowed  that  tlie  tangential  component  of  the  electric  field  is 
continuous  to  within  8  percent  error,  and  that  the  normal  component  of  the  electric  flux  density  is 
continuous  to  within  5  percent  error.  These  calculations  were  made  for  values  of  e.  varying 
between  3  and  10. 

Typical  spec^  absorption  rate  (SAR)  results  in  ceramic  samples.  The  absorbed  power  in 
ceramic  samples  surrounded  with  insulkion  was  then  calculated  for  typical  ceramic  samples  sin¬ 
tered  in  a  single-mode  cavity.  Typical  results  are  shown  in  Figs.  4  and  5. 

These  results  may  then  be  used  as  an  input  in  a  thermal  model  to  calculate  the  thermal  pat¬ 
tern  (temi^ture  distribution)  in  the  ceramic-insulation  object.  These  thermal  calculations  are 
described  in  the  next  secdon. 

Calculation  of  the  temperature  distribution  pattrrn 

The  following  heat  transfer  equation  was  solved  numerically  using  the  finite-difference 
approach  [4]. 


pc  |^-kv2t=w^ 
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Fig.  4.  Absorbed  power  distribution  in  a  ceramic  sample  and  surrounding  insulation  at  the  stan 
of  a  sintering  process  (room  temperature).  The  ceramic  sample  is  1  cm-^  cube  and  the 
insulation  in  this  case  is  1  cm  duck  sinroimding  the  sample.  Using  mixing  rules,  f. 
and  a  for  the  sample  were  4.13  and  64010*^  s/m,  respec^vely,  while  and  o  for  the 
surrounding  insulation  were  assumed  1JS7  and  15374el0'”  s/m,  respectively. 


y 


Fig.  5.  Absorbed  power  distribudoa  in  a  ceramic  sample  and  surrounding  insulation  at  14(X)'C. 
The  ceramic  ample  is  1  cm'^  cube  and  the  insulation  in  this  case  is  1  cm  thick  surroundr 
ing  the  sample.  Using  mixing  rules,  and  o  for  the  sample  were  11.3  and  4.8el0’-* 
s/m,  respectively,  while  e_  and  o  for  the  surrounding  insulation  were  assumed  1.557  and 
15.374el0‘°  s/m,  rcspecuvely. 
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where  p,  C,  K  are  the  density,  specific  heat,  and  themud  conductivity,  resp^vely  Wgw  is  the 
input  electromagnetic  power  distribution  calculated  using  the  EM  simulation  describe  earlier. 
Initial  results  ate  available  from  the  developed  thermal  code.  Additional  validation  of  the  results  is, 
however,  still  needed  before  their  final  publication. 

MICROWAVE  SINTERING  EXPERIMENTS 

Tbe  Oak  Ridge  National  Laboratory  arranged  to  loan  the  University  of  Utah  Clinic  team  a 
microwave  sintering  system.  The  system  consists  of  a  modified  General  Electric  microwave  oven 
and  a  programmable  microwave-temp^ture  controller  (Micristar)  with  a  dual-channel  strip-chart 
recorder  for  monitoring  both  temperature  and  input  power  vs.  time.  The  dimensions  of  the  micro- 
wave  sintering  cavity  are  40  x  40  x  24.5  cm-’  operating  at  2.45  GHz.  Several  ceramic  samples  of 
2.3  cm  diameter,  and  6.7  to  0.9  cm  in  height  were  sintoed  in  the  oven.  In  all  cases  samples  were 
surrounded  with  cylindrical  insulations  of  7.5  cm  outer  diameter  and  2.5  cm  inner  diameter.  The 
insulation  height  was  4.5  cm  and  four  rods  of  SiC  were  inserted  in  the  insulation  in  a  picket-fence 
airangement  to  aid  the  microwave  heating  pnxress.  The  temperature  was  monitored  using  a  Pt-Rh 
(R-type)  thermocouple.  Alumina  and  zirconia  samples  were  heated  to  temperatures  as  high  as 
l475’C.  Typical  temperature  and  input  power  profiles  during  the  siniering  experiments  are  shown 
in  Fig.  6.  In  all  cases  ceramic  samples  were  glowing  red  to  white  hot  while  th'.  insulation  stayed 
near  ambient,  thus  indicating  appropriate  microwave  coupling  to  samples  with  negligible  coupling 
to  the  insulation.  This  also  in^cates  that  the  actual  sintering  occurred  under  microwave  heating 
conditions  and  not  by  radiative  transfer  from  the  surrounding  material. 
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Fig.  6.  Percentage  input  power  and  temperature  profiles  adopted  in  the  microwave  sintering 
experiments  at  the  University  of  Utal,.  With  the  presence  of  the  SiC  rods  in  the  insula¬ 
tion  surrounding  the  sample,  sin'cring  to  1475’C  was  consistently  achieved.  The  desired 
temperature  and  power  proxies  were  programmed  in  the  Micristar  unit 
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DIELECTRIC  PROPERTIES  MEASUREMENTS 


Knowledge  of  the  dielcctiic  properties  of  ceramic  samples  and  insulation  and  their  variation 
with  temperature  and  frequency  is  crucial  in  performing  the  EM  and  thermal  simulation  described 
above.  To  help  further  develop  the  available  data  base,  the  Engineenng  Clinic  team  took  on  the 
task  of  performing  dielectric  properties  measurements,  ^tensive  measurement  facilities  are  avail¬ 
able  at  the  University  of  Utsdt  including  the  HP  8510B  Network  Analyzer  (45  MHz  to  40  GHz) 
and  the  HP  8753  Network  Analyzer  (300  kHz  to  6  GHz).  A  wide  variety  of  sample  holders  for 
dielectric  properties  measurements  is  also  available,  including  a  lumped-capacitance  sample  holder 
terminating  a  Kovar  section  of  a  transmission  line  (for  frequencies  up  to  4  GHz  and  temperatures 
up  to  400*C).  For  cavity  perturbation  measurements  an  S-band  rectangular  cavity  is  used  for  mea¬ 
surements  at  2.45  GHz  and  a  cylindrical  cavity  with  an  adjustable  plate  covers  the  frequency  range 
from  9  to  1 1  GHz.  Fiec-space  measurement  techniques  arc  also  available  for  measurements  at  X- 
band  and  higher  frequencies. 

To  demonstrate  the  accuracy  of  the  measurement  procedures,  sample  results  are  given  in 
Tables  1-3.  These  results  arc  given  for  standard  materials  of  known  ^electric  prop^es  and  over 
various  frequency  ranges  to  demonstrate  the  available  capabilities.  In  addition,  preliminary  results 
for  ceramic  samples  are  given  in  Table  4. 

Table  1.  Measurement  Results  of  the  Dielectric  Constant  of  Teflon  using 
Lumped-Capacitance  Sample  Holder. 

Sample  ~  Teflon 

Published  value  (ej.  =  2.1 ,  -  2^0"^ 


Frequency 

4 

n 

^r 

0.8  GHz 

1.88 

0.0147 

1.0  GHz 

1.96 

0.0221 

1.2  GHz 

2.09 

0.0242 

1.4  GHz 

2.19 

0.0250 

1.6  GHz 

2.20 

0.0210 

1.8  GHz 

2.22 

0.0188 

2.0  GHz 

2.23 

0.0188 

2.2  GHz 

2.25 

0.0198 

2.4  GHz 

2.30 

0.0205 

2.6  GHz 

2.32 

0.0228 

THERMOPHYSICAL  AND  MICROSTRUCTURAL  CHARACTERIZATION  OF 
MICROWAVE-SINTERED  CERAMICS 

For  complete  thermophysical  and  microsmsctural  characterization  of  microwave-sintered 
ceramics,  the  materials  science  group  of  the  Clinic  team  conducted  the  following  measurements: 
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Table  2.  Measurement  Results  of  the  Dielectric  Constant  of  Polystyrene  and  Lucite  using 
the  Frce-Space  Method. 

Frequency;  10.0  GHz 


Matciial 


Thickness 


Distance 

between 

antennas 


Polystyrene 


2.662  cm 


36.5  cm 


2.39 


0.0611 


Polystyrene 


2.662  cm 


41.5  cm 


2.42 


0.0848 


Lucite 


0.7228  cm 


36.5  cm 


2.72 


0.0618 


Lucite 


0.7228  cm 


41.5  cm 


2.75 


0.0387 


Table  3.  Measurement  Results  of  the  Dielectric  Constant  of  Standard  Materials  using  a 
Rectangular  Cavity  in  the  2.45-GHz  Frequency  Range  (Perturbation  Method). 


£s(GHz) 

Q^tor 

» 

^r 

M 

«r 

Empty  Cavity 

2.43992 

1030.38 

Insulation 

Material 

2.43784 

1026.03 

1.557 

0.0002-0.0008 

Empty  Cavity 

2.43606 

1114.74 

Teflon 

2.42885 

1111.29 

2.03 

0.00049 

Glass 

2.40369 

827.72 

6.147 

0.059 

Silicon  Carbide 

2.2681 

25.67 

29.36 

•  Thermal  diffusivity  using  camera-flash  technique 

•  Density  by  fluid  immersion 

•  Grain  size  using  micrographs  and  linear  intercept  method 

•  Indentation  flacture  toughness. 

Photo-Flash  Procedure  for  Measuring  Thermal  Diffusivity 

The  measurement  procedure  basically  involves  coating  a  mildly  polished  cylindrical  ceramic 
sample  with  a  thin  (500  angstroms)  layer  of  gold  and  coloring  the  gold  surface  with  black  ink  [5]. 
The  sample  is  then  exposed  to  a  pulse  of  heat  from  a  camera  flash.  The  light  is  expected  to  be 
absorbed  efficiently  and  the  heat  to  be  initially  uniformly  distributed  on  the  front  face  of  the  sam¬ 
ple.  The  sample  is  enclosed  in  a  plastic  box  covered  on  the  inside  by  black  felt  to  protect  the 
sample  from  outside  heat  and  light  A  type-E  thermocouple  is  then  attached  to  the  back  of  the 
sample  and  recorded  temperature  is  plotted  as  a  function  of  time.  Using  the  best  fit  linear  approx¬ 
imation  of  the  temperaUire  vs.  time  curve,  the  thermal  diffusivity  is  calculated  from  [5] 
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Table  4.  Measurement  Results  of  the  Dielectric  Constant  of  Si^N^-Based  Ceramic  Materials 
using  a  Rectangular  Cavity  in  the  2.4S-GHz  Frequency  ^ge  (Perturbation  Method). 

Base  material  Si2N4 


fe(GHz) 

Q  factor 

( 

^r 

1.  SC-11  lAAYg 

2%  AljOj 

6%  YjOj 

2.419136 

1021.59 

8.03 

0.01146 

1.  SC-lllAAYg 

Microwave  aruiealed 

2.419776 

1021.86 

7.91 

0.01151 

2.  SC-128  AY3L4 

2.420816 

1039.87 

7.93 

0.00475 

2.  SC-128  AY3L4 
Microwave  annealed 

2.420856 

916.99 

8.47 

0.06621 

3.  SC-127  ALj 

2.419328 

1028.63 

8.22 

0.00904 

3.  SC-127  ALj 

KCoowave  annealed 

2.420768 

1005.3 

8.07 

0.01962 

4.  SC-147 
a*  -  P' 

AIN  Y2O3 

2.42384 

1033.56 

7.874 

0.00805 

Empty  cavity 

2.43992 

1051.69 

a  =  0.1388  L^/tj^ 


(3) 


where  L  is  the  length  of  the  sample  and  tj  n  is  the  half-time  required  for  the  sample  to  reach  half 
of  its  maximum  temperature  increase. 

Measurements  were  performed  on  a  17.6-mm-long  section  of  a  6.2-mm-diameter  sample  of 
microwave-sintered  SiC  and  the  results  are  shown  in  Table  5.  In  two  of  the  eight  runs,  aluminum 
foil  was  used  to  reflect  light  onto  the  thermocouple  to  improve  the  observed  flash  point. 
Measurements  were  also  made  on  SiiN^  samples.  One  set  of  samples  was  thermally  annealed  in  a 
microwave  cavity.  Work  at  ORNLnas  shown  that  this  procedure  leads  to  enhanced  creep  resis¬ 
tance.  Aimealing  procedure  is  expected  to  alter  the  microstructure;  in  particular,  the  grain  size  and 
the  nature  cf  the  grain  boundary  phase.  For  example,  it  is  conceivable  that  crystallization  of  the 
grain  boundary  glassy  phase  would  occur  during  annealing.  The  objective  of  the  thermal  diffusiv- 
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Table  S.  Thermal  DiH^usivities  of  Si^N^  Sample. 


Material 

1.  As-Received 

12.736  ±  0.164 

SijN^ 

(3%  AIjOj  -  6%  Y2O3 

As- Annealed 

13.905  ±  0.217  (8.4%  increase) 

Si3N4 

1 

2.  As  -  Received 

12.974  ±  6.2^8  1 

(2^  -  3%  -  4%  1^303) 

As-Annealed 

14.265  ±  0.39’  '0  T  %  increase)  1 

SisN^ 

1 

3.  As -Received 

11.519  ±0.154  1 

(24X1303-8%  1-3203) 

As- Annealed 

12.64  ±  0.131  (8.9%  increase)  | 

Si3N4 

1 

ity  measurements  was  to  determine  theeflfectof  microwave  annealing,  if  any,  on  the  thermal  dif- 
fusivity.  For  comparison,  therefore,  measurements  were  also  made  on  as-fabricated  SiiN^  materi¬ 
als.  Since  cylindrical-shaped  samples  were  not  available,  measurements  were  made  on  paral- 
lelpipeds.  As  a  result,  the  values  obtained  are  rather  api^ximate.  Even  so,  the  experiments 
showed  that  there  was  -8%  increase  in  the  thermal  diffusivity  upon  microwave  annealing.  These 
data  are  given  in  Table  S. 

Density  Measurements 

Density  was  measured  on  zirconia  and  alumina  samples.  Density  measurements  were  con¬ 
ducted  using  a  simple  fluid  immersion  technique.  The  following  equation  was  used  to  determine 
density,  p,  from  measured  weights. 


P 


’dry 


^w«  ■  '''HjO 


(4) 


where  Wjjj^  =  dry  weight  of  the  sample 

Ww^  =  weight  in  air  after  having  the  sample  boiled  in  water 
WH20  =  weight  while  suspended  in  water. 

The  densities  are  given  in  Table  6.  The  zirconia  samples  sintered  to  near  theoretical  density  at 
1475’C/1  hr.  Alumina  samples  were  sintered  at  two  temperatures:  1  lOO'C  and  1475’C.  At 
llOO'C,  the  sample  sintered  to  3.72  which  is  -93%  of  theoretical  density,  while  at 

1475*C  it  sintered  to  3.93  gm/cm^  which  is  -98.25%  of  theoretical  density.  Density  of  -93%  at 
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1100‘C  is  well  above  what  is  expected  in  conventional  sintering  at  this  temperature.  No 
significant  difference  in  densities  of  Si^N^  samples  was  observed. 

Determination  of  Grain  Size  using  Micrographs  and  Linear  Intercept  Method 

SEM  fractographs  of  zirconia  and  alumina  samples  are  shown  in  Figures  7  and  8.  Zirconia 
sample,  which  sintered  to  near  theoretical  density,  exhibited  a  very  fine  grain  size  (~1.1  pm)  and 
intergranular  failure.  Grain  size  was  measured  by  the  linear  intercept  method  which  is  strictly 
applicable  to  flat  surfaces  and  not  fracture  surfaces.  Thus,  the  measured  grain  sizes  are  rather 
approximate.  Grain  sizes  are  given  in  Table  6.  Alumina  samples  sintered  at  llOO’C  exhibited  a 
very  fine  grain  size  (-0.85  pm)  while  that  sintered  at  1475'C  had  a  significantly  larger  grain  size 
(-3.60  pm).  An  examination  of  SEM  fractograph  shows  a  substantial  amount  of  transgranular 
fracture  in  the  sample  sintered  at  1475'C.  Also,  some  porosity  is  seen  trapped  within  grains, 
indicative  of  grain  boundary  breakaway  from  pores. 


Fig.  7.  An  SEM  fractograph  at  a  microwave-sintered  TZ2Y:  1475*C/2  hours. 

Measurement  of  Fracture  Toughness  by  Indentation 

Indentation  techniques,  as  described  by  Anstis,  et  al.  [6],  was  used  for  the  determination  of 
fractum-toughness  on  zirconia,  alumina,  and  SijN^  ceramics.  Zirconia  exhibited  K_  of  -14,3 
MPaV  m  as  shown  in  Table  6.  This  value  is  probably  too  high  on  account  of  the  uans^formation 
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Fig.  8.  An  SEM  fractograph  at  a  microwave-sintered  alumina:  1475'C/2  hours. 

which  occurs  under  the  indent,  which  tends  to  introduce  uncertainties  in  the  indentation  technique. 
Even  so,  the  obtained  on  microwave-sintered  zirconia  is  similar  to  that  sintered  conventionally 
and  n^sured  in  a  similar  manner.  The  indentation  K^.  of  alumina  is  between  3.7  and  4,5 
MPaV  m,  apin  in  the  same  range  as  for  conventionally  sintered  alumina.  The  K^.  of  Si^N^  was 
-7.0  MPaVm  regardless  of  the  thermal  treatment. 

SUMMARY  AND  CONCLUSIONS 

A  focused  effort  to  model  and  simulate  microwave  sintering  of  ceramics  in  single-  and 
multi-mode  cavities  and  to  measure  dielectric  properties  and  thermophysical  properties  of  conven¬ 
tionally  and  microwave-sintered  samples  was  initiated  at  the  University  of  Utah  as  a  result  of  an 
Engineering  Clinic  grant  from  Oak  Ridge  National  Laboratory  almost  a  year  ago.  To  date,  the 
FDTD  has  been  used  to  model  and  calctilate  EM  power  deposition  patterns  in  insulated  ceramic 
samples  in  single-mode  cavities,  and  a  finite-difference  program  was  used  to  calculate  the  tempera¬ 
ture  distribution  patterns.  The  accuracy  of  the  solution  procedure  has  been  checked  and  sample 
results  for  actual  ceramic  samples  have  been  presented.  Results  of  dielecuic  properties  measure¬ 
ments  and  thermophysical  characterization  of  both  microwave  and  conventionally  sintered  samples 
have  also  been  tabulated. 

Although  significant  progress  has  been  made,  challenges  still  remain.  In  the  numerical 
simulation  area  the  Clinic  team  was  unable  to  model  large  samples  or  overmoded  cavities  even 
with  the  IBM  3090  Supercomputer.  Along  these  lines,  a  research  team  at  Jet  Propulsion 
Laboratory  (JPL)  was  able  to  parallel  process  various  sections  of  the  FDTD  program  to  overcome 
memory  limitation  and  considerably  shorten  the  Cennal  Processing  Unit  (CPU)  time.  These  par¬ 
allel  processing  aspects  of  the  FDTD  code  will  be  implemented  in  Utah.  In  the  dielectric  proper¬ 
ties  measurements  area,  accuracy  of  high-temperature  measurements  and  problems  with  the  thermal 
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gradient  along  samples  are  still  under  investigation.  Other  remaining  problems  include  the  mea¬ 
surement  of  temperature  by  a  noninmisive  method.  Finally,  determination  of  whether  improved 
properties  can  be  realized  in  a  variety  of  ceramics  sintered  by  microwave  heating  is  the  central  pan 
of  the  future  work.  With  continued  support  by  ONRL  of  the  interdisciplinary  efforts  at  Utah,  addi¬ 
tional  dielectric  and  thermophysical  characterizations  of  conventionally  and  microwave-sintered 
samples  will  be  reported  soon. 

*  The  Engineering  Clinic  Program  supports  teams  of  undergraduate  seniors  at  the  University  of 
Utah.  1^.  Hal  Kimrey  from  Oak  Ridge  National  Laboratory  has  sponsored  a  clinic  project  in 
1990  and  is  continuing  his  sponsorship  through  the  1991/1992  academic  year.  For  more 
information  regarding  the  Clinic  Program,  please  contact  Dr.  Magdy  F.  Islander,  program 
director.  Research  sponsored  by  the  U.S.  Department  of  Energy,  Assistant  Secretary  of 
Conservation  and  Renewable  Energy,  Office  of  Industrial  Technologies,  Advanced  Industrial 
Technologies,  Advanced  Industrial  Materials  Program  under  contract  DE-AC0S-840R21400 
with  Martin  Marietta  Energy  Systems,  Inc. 

REFERENCES 

1.  K.  S.  Yec,  "Numerical  Solution  of  Initial  Boundary  Value  Problems  Involving  Maxwell's 
Equations  in  Isotropic  Media,"  IEEE  Transactions  on  Antennas  and  Propagation,  Vol.  AP-14, 
pp.  302-307.  (1966). 

2.  A.  Taflove  and  K.  R.  Umashankar,  "The  Finite-Difference  Time-Domain  Method  for 
Numerical  Modeling  of  Electromagnetic  Wave  Interactions  with  Structures,"  Chapter  8  in 
Progress  in  Electromagnetic  Research,  M.  Morgan,  Ed.,  New  York,  NY,  Elsevier  Science 
Publication  Co.,  (1990). 

3.  P.  Cheri^  and  M.  F.  Iskander,  "FDTD  Analysis  of  Power  Deposition  Patterns  of  an  Array  of 
Interstitial  Antennas  for  Use  in  Microwave  Hyperthermia,"  IEEE  Transactions  on  Microwave 
Theory  and  Techniques,  accepted  for  publication,  (1990). 

4.  M.  F.  Iskander  and  O.  Khoshdel-Milani,  "Numerical  Calculations  of  the  Temperature 
Distribution  in  Realistic  Cross  Sections  of  the  Human  Body,"  Int.  J.  Radiation  Oncology, 
Biol.,  Phys.,  Vol.  10,  pp.  1907-1912,  (1984). 

5.  T.  Log  and  T.  B.  Jackson,  "Photo  Flash  Technique  for  the  Measurement  of  Thermal 
Diffustviiy,"  submitted  for  publication,  J.  Am.  Ceram.  Soc.,  (1990). 

6.  G.  R.  Anstis,  P.  Chantikul,  B.  R.  Lawn,  and  D.  B.  Marshall,  "A  Critical  Evaluation  of 
Indentation  Technique  for  Measuring  Fracture  Toughness:  I.  Direct  Crack  Measurements,"  J. 
Am.  Ceram.  Soc.  64,  Vol.  9,  pp.  533-538,  (1981). 


48 


Microwaves 


Section  H.  Microwave/Material  Interactions 


FUNDAMENTAL  INTERACTION  MECHANISMS  BETWEEN  MICROWAVES 
AND  MATTER 

R.E.  Newnham,  S  J.  Jang,  Ming  Xu,  and  Frederidc  Jones 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

ABSTRACT 

A  molecular  and  crystallographic  view  of  the  absorption  of  microwave 
energy  by  ceramic  materials  is  present^  with  exan^)les  drawn  &om  both  stnictoral 
and  electronic  ceramics,  together  with  the  liquid  and  polymeric  materials  used  in 
processing  them.  Among  the  absorption  mechanisms  discussed  are  dipole 
reorientation,  space  charge  phenomena,  ferrimagnetic  resonance,  and  tails  from  the 
far  infirared.  Other  important  topics  include  relaxation  spectra,  field  partitioning, 
and  dieimal  runaway. 


INTRODUCnON 

Many  different  physical  phenomena  are  involved  in  the  microwave 
processing  of  ceramics.  Microwaves  are  electromagnetic  waves  ranging  from  Im 
to  1mm  in  wavelength  at  frequencies  from  0.3  to  300  GHz.  The  interactioo  with 
matter  takes  place  through  the  electric  field  vector  E(VAn)  and  the  magnetic  field 
vector  H(A/m)  belonging  to  the  microwave.  The  purpose  of  diis  paper  is  to  review 
the  fundamental  interaction  mechanisms  between  microwaves  and  matter. 

ELECTRIC  LOSS 

When  subjected  to  an  electric  field,  materials  polarize  creating  an  electric 
polarization  P{C/m^)  equal  to  the  dipole  moment  (C-m)  per  unit  volume  (m*3). 

There  are  four  important  polarization  mechanisms  in  solids  ,  and  three  of 
them  lead  to  losses  in  the  microwave  region:  (1)  space  charges  arising  from 
localized  electrical  conduction,  (2)  rotating  electric  dipoles,  and  (3)  ionic 
polarization  associated  with  far-infrar^  vibrations. 

In  discussing  these  phenomena,  it  is  helpful  to  describe  the  losses  in  terms 
of  the  real  and  the  imaginery  parts  of  the  dielectric  constant  K*.  The  electric  field  of 
the  microwave  is  given  by 


E  =  Eoei<« 


(1) 
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where  Eq  is  the  an^litude  of  the  field,  <0  is  the  angular  frequency,  t  the  time,  and 
.  The  resulting  electric  flux  density  is 

D  =  Doe«“‘-«)  (2) 

where  8  is  the  phase  angle  associated  with  the  time  lag  in  pwlarizing  the  material. 
The  electric  flux  density  (electric  displacement)  comes  from  the  qiplied  electric  field 
and  the  electric  polarization: 

D  =  £oE  +  P  =  £E  (3) 

where  eo(=  8.85  x  lO*!^  F/m)  is  the  permittivity  of  free  space,  and  the  dielectric 
constant  is  the  relative  permittivity  of  the  material 


*  e 

K  =  — 


=  K-iK 


The  real  part  of  the  dielectric  constant  is  in  phase  with  the  field 

k’=  — cos5 

and  die  imaginaiy  part  is  out  of  i^ase 


-  D„ 

K  = — ^sin6 


The  loss  factor  tan  5  is  K^/K*. 

As  pointed  out  by  Sutton  (1989),  the  power  absorbed  per  unit  volume  is 


W  =  ieJce^tanS 


Microwave  absorption  therefore  increases  with  field  intensity,  frequency,  loss 
factor  and  dielectric  constant  .  It  is  also  important  to  realize,  however,  that  in 
microwave  processing  we  are  dealing  with  inhomogeneous  materials.  Generally 
there  are  ceramic  particles,  organic  vehicles,  and  porosity  present  in  the  green 
ceramic  body.  In  thb  case  we  must  be  aware  that  electic  fields  are  also 
inhomogeneous  (Meek,  1987).  Flux  continuity  (Di=  D2)  is  required  across 
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interfaces  if  both  pha%s  are  insulators.  This  means  that  electric  fields  are  largest  in 
legkms  of  small  peimittivity. 

CONDUCTION  LOSSES 


Most  ceramics  are  wide  band  semiconductors  with  resistances  that 
decrease  rapidly  with  ten^rature.  Sintered  alumina  is  an  excellent  high  voltage 

insulator  with  resistivity  in  excess  of  10^^  O-m  at  room  tenqwratore,  but  it  drc^s  to 

less  than  10^*^  O-m  at  400°C  and  10^  O-m  at  lOOCC.  Other  ceramic  insulators 

such  as  steatite  arid  procelain  decrease  even  faster.  At  400°C  the  resistivity  of 

steadte  is  about  10^  O-m,  and  porcelain  with  its  mobile  alkali  ions  is  only  about  1(H 

O-m. 

Metallic  behavior  is  observed  in  some  transition  metallic  oxides.  Rhenium 
trioxide  (Re03)  is  comparable  to  silver  and  gold  with  resistivity  less  than  10^  O-m 
at  room  temperance.  RuOi,  '11203,  PdO,  and  tungsten  bronzes  such  as  Nao.8W03 
are  also  excellent  conductors. 

The  in^rtance  of  conduction  losses  in  microwave  heating  is  borne  out  in 
the  experiments  of  Walkiewicz,  Kazonich  and  McGill  (1988).  In  this  study  a  wide 
variety  of  metal  powders,  inorganic  chemicals,  and  mineral  specimens  were  heated 
in  a  microwave  oven  and  the  temperatures  recorded  as  a  f^ctitm  of  dme.  The 
results  are  summarized  in  Table  1. 

Table  1.  Microwave  heated  minerals,  chemicals,  and  metal  powders. 
Temperatures  were  recorded  after  a  few  minutes  heating  at  power  levels  near  IkW. 
(McGill,  et  al,  1988)  approximate  resistivities  are  given  in  parentheses. 

Oxide  minerals  (10^  - 10^^  m) 

Si02,  AI2O3,  KAlSisOg,  CaC03 
Very  little  beating  only  about  80'’C. 

Sulfide  semiconductors  (lO-^  -  10-5n-m) 
FeS2,  PbS,  CuFcS2 
Easily  heated  to  about  lOOOX. 

Caibai  and  Graphite  (~ion-m) 

Easily  heated  to  lOOOX. 


Metal  powders  ( IQ-^  -  l(h^  flkn) 

Al,  Co,  Cu,  Fe,  Mg,  Mo 
Moderate  heating  to  about  400°C 

Alkali  Halides  (104 . 103Q-m) 

KQ,  KBr,  NaQ,  NaBr,  UQ 
Very  little  heating.  Only  about  30*’C. 

Mixed  Valent  Oxides  (l(^2  .  lO-^finn) 
Fe304,  CuO,  C02O3,  NiO 
Easily  heated  to  about  KXXl^C 


It  is  appaiem  from  these  observations  that  conduction  promotes  the  coupling 
of  microwave  energy  into  the  powder.  Transition  metal  oxides  and  sulfides  such  as 
magnetite  and  pyrite  are  easily  heated,  but  insulators  like  alumina  and  silica  are  not. 
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Note,  however,  that  metal  particles  are  not  heated  as  well,  despite  their  high 
electrical  conductivity. 

Metals  do  not  heat  as  well  as  semimetals  and  narrow-band  semiconductors 
because  electric  fields  cannot  penetrate  much  below  the  surface.  Skin  depth,5,  is 
defined  as  the  depth  at  which  the  electric  field  drops  to  1/e  =  0.368  of  the  surface 

value.  It  is  related  to  fiequoicy/,  peimeabillty  p.  and  conductivity  a  by  the  relation 


For  copper,  o  =  5.8  x  10^  £2**m-^,  jisjio.  where  po  is  the  permeability  of  free 
space,  and  the  skin  depth  is  approximately  1  cm  at  60  Hz  and  less  than  1pm  at 

microwave  frequencies.  Since  field  penetration  is  propottional  to 
microwave  energy  heats  semimetals  and  semiconductors  better  than  copper.  Note 
also  that  the  resistance  of  metals  increases  with  temperature,  unlike  that  of 
semiconductors  which  show  a  rapid  decrease.  This  promotes  rapid  heating  and 
thermal  runaway  for  the  latter,  as  explained  later. 

The  inhomogeneous  nature  of  green  ceramics  can  be  understood  using  the 
Maxwell-Wagner  model  (von  Hippel,  1954).  For  a  two-layer  system  consisting  of 
equal  amounts  of  conducting  high-permittivity  material  (e.g.,  ferrite)  and  an 
insulating  low-permittivity  material  (air  or  polymer),  the  relaxation  frequency  at 
which  absorption  occurs  is 

(0  =  o/e.  (9) 

This  lies  in  the  microwave  region  when  the  resistivity  p,  expressed  in  £2-m,  is 
about  10/K,  where  K  is  the  dielectric  constant.  Hence,  semiconductors  and 
semimetals  have  about  the  optimum  conductivity  for  ceramic  processing  at 
microwave  frequencies. 


OXIDE  SEMICONDUCTORS 

Transition  metal  oxides  like  magnetite  with  mixed  cation  valences  are  among 
the  best  microwave  absorbers  with  very  rapid  thermal  runaway.  In  electroccramic 
technology  these  mixed  valency  oxides  are  used  as  NTCR  (negative  temperature 
coefficient  of  resistance)  thermistors.  The  electrical  resistance  decreases 
exponentially  with  increasing  temperature.  Typical  of  the  NTCR  thermistor 
materials,  also  know  as  controlled  valency  semiconductors,  are  titanium-doped 
hematite  (Fe203:Ti)  and  lithium-doped  bunsenite  (NiO:Li).  Reacting  hematite  with 
ratile  in  air  yiel^ 

(l-|)Fcp3-t-  xTiOj-^  FeJ^e^YiJ^OaH  JOj  (10) 
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This  is  an  n-type  semiconductor  in  which  electrons  are  transferred  between  iron 
atoms  of  different  valence 

Fe3+ +  e- 4— Fe2+  (11) 

p-type  NTC  thermistois  are  made  from  nickel  oxide  doped  with  lidiium. 

(1-x  )NiO  +  NiJ^i^U^O  (12) 

The  hole  conduction  process  involves  charge  transfer  between  trivalcnt  and  divalent 
nickel  ions. 

Ni2++h+?^Ni3+  (13) 

Doped  nickel  oxide  has  the  rocksalt  structure  with  lithium  partially  replacing  nickel 
in  the  cation  sites.  Ionic  radii  for  Ni2+(0.84A),  NL3-K0.74A),  and  Li-K0.88A)  all 
favor  octahedral  coordination  with  oxygen. 

The  resistivity  of  Nii.xLixO  ceramics  decreases  drastically  with  increasing 

lithium  content.  The  restivity  at  x=l(H  is  about  1000  dm  and  at  x=0.1  it  drops  to 

0.01  Dm.  The  color  is  another  indication  of  increased  conductivity.  The  green 
color  of  pure  nickel  oxide  deepens  to  black  with  increased  doping. 

For  semiconducting  compositions  near  Nio.95Lio.05O*  ^Le  band  gap  is  about 
O.lSeV.  The  physical  origin  of  this  narrow  band  gap  is  attributed  to  the  weak 
attractive  forces  between  the  negatively  charged  portion  of  tlie  lattice  where  Li'*’ 
dopant  ions  are  located,  and  positively  charged  regions  occupied  by  the 
compensating  Ni^'*’  ions.  Charge  is  neutralized  best  when  these  ions  are  next, 
nearest  neighbors,  but  under  the  action  of  electric  field  or  temperature,  the  electron 
hole  located  at  the  Ni^'*’  drifts  away  rather  easily  to  other  nickel  sites.  Polarization 
of  the  surrounding  oxide  lattice  also  contributes  to  the  band  gap  energy. 

Electrical  conductivity  a  is  proportional  to  the  charge  carrier  cotKentration 
n,  the  charge  of  each  carrier  q,  and  the  mobility  p: 

0  =  nqp.  (14) 

In  thermistors  and  other  materials  subject  to  thermal  runaway,  the  'emperature 
dependence  of  the  conductivity  is  of  great  importance.  Both  n  and  p  are  strongly 
dependent  on  temperature.  For  a  semiconductor,  the  carrier  concentration  varies 
exponentially  with  tenqrerature 

n-exp(-E/kT)  (15) 
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where  E  is  the  energy  requited  to  liberate  charge  carriers,  k  is  Boltzman's  construit 
and  t  is  the  absolute  temperature.  The  temperature  dependence  of  the  mobility 
depends  on  its  physical  origin.  For  most  scattering  processes,  mobility  follows  an 
inverse  power  law 

ll-T-b  (16) 

in  which  mobility  decreases  widi  increasing  temperature  because  of  atomic  thermal 
vibrations,  but  a  different  temperature  dependence  is  observed  for  hopping 
processes.  Here  the  mobility  depends  on  thermal  excitation,  and  increases 
exponentially  with  temperature 

ji~exp(E’/kT). 

E'  is  the  energy  observed  in  the  hopping  process.  Summing  up,  the  temperanire 
dependence  of  the  electrical  conductivity  is 

o(T)-T^e-<E+E'VkT  (Ig) 

Since  exponentials  tend  to  dominate,  the  electrical  resistance  of  a  nrixed 
valency  oxide  can  be  described  by 

RsAeB^.  (19) 

For  the  transition  metal  oxides  used  as  NTC  thermistors,  R  lies  in  the  range  1-10* 
ohms,  and  B  is  2000  -  6000®K.  The  temperature  coefficient  a  describes  the 
fractional  change  in  resistance  with  iiKreasing  temperattue: 


At  room  temperature,  the  resistance  drops  by  2-6%/°K  for  a  typical  thermistor. 
Resistance  changes  typical  for  thermistors  made  from  transition  metal  oxides  are 
shown  in  Fig.  1 
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Tenqwndire  (  ®C) 

Fig.  1.  Temperature  dependence  of  typical  NTC  theimistors. 
THERMAL  RUNAWAY 

A  typical  current-voltage  relationship  for  a  transition  metal  oxicte  thermistor 
is  shown  in  Fig.  2.  This  is  a  so-called  static  characteristic  in  which  the  current  is 
set  to  constant  value  and  the  system  is  equilibrated.  The  steady  state  voltage  and 
temperature  are  then  recorded  for  each  current  setting.  Runaway  takes  place  if  the 
current  is  not  carefully  controlled. 


Voltage  (V) 

Fig.  2.  Current-voltage  characteristic  for  a  transition  metal  oxide  thermistor. 
Runaway  takes  place  above  Tmax  aad  Vmax- 
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The  relationship  between  the  I-V  characteristic  (Fig.  2)  and  the  R-l 
relationship  (Pig.  1)  Is  established  by  through  Ohm's  Law  and  the  power  balance 
equation: 


R  =  V/I  =  AeB/T 


(21) 


W  =  VI  =  AD(T-To). 


(22) 


W  is  the  input  power  (watts),  T  the  specimen  temperature,  Tq  the 
temperature  of  ambient,  and  D  the  coefficient  in  Newton's  law  of  cooling.  D  is  a 
measure  of  the  thermal  coupling  to  the  surroundings  per  unit  surface  area  of  the 
specimen.  When  surrounded  by  air,  the  specimen  is  cooled  by  convective  air 
currents,  and  D  ranges  from  5  W/m^K  for  free  convection  to  50  W/m^K  for  forced 
convection  (Tummala).  The  values  of  D  are  substantially  higher,  typically  100  - 
10,000  WAn^K,  when  in  thermal  contaa  to  the  surroundings  takes  place  through 
solids  or  liquids. 

Converting  Ohm's  law  and  the  power  balance  equation  to  logarithmic  form 
and  summing  the  two,  we  obtain  an  expression  relating  voltage  and  temperature: 

21nV  =  lnAD  +  ln(T.To)  +  B/T.  (23) 

Thermal  runaway  takes  place  when  T  exceeds  Tmax  and  V  exceeds  Vmax-  To 
determine  these  conditions,  we  take  the  derivative  of  the  voltage-temperature 
relation  at  T  =  TmaX.  V = Vmax  and 


2;ilnV=:0  =  =— J- 
oT  Tmax- 


B 


Tmax 


(24) 


Tmax 


(25) 


For  B  =  2000  -  40(X)  K,  and  Tq  =  30°C,  Tmax  is  in  the  range  45-85®C,  which  is 
not  far  above  room  temperature.  Therefore  many  transition  metal  oxides  are  on  the 
verge  of  thermal  runaway,  as  evidenced  by  the  microwave  heating  experiments. 
The  corresponding  values  fov  input  current  and  power  are  obtained  from  the 
equation  balaiKing  input  and  output  power  using  the  appropriate  value  for  D. 

MICROWAVE  ABSORFnON  IN  SIUCATES 

Conduction  losses  are  important  in  glasses  as  well.  Fused  silica  has  very 
low  tan  8  values  (<0.001)  over  wide  frequency  and  temperature  ranges.  Alkali  ions 
promote  dielectric  loss  in  glass.  At  low  frequencies  the  loss  is  associated  with  ion 
transport  through  the  silicate  network  giving  a  space  charge  contribution  to  the 
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dielectric  permittivity.  At  1  MHz  the  dielectric  constant  of  sodium  silicate  glasses 
containing  30  mol%  NaaO.  70  mol%  Si02  are  about  twice  as  large  as  Si02  glass. 

Vibration  losses  become  important  at  higher  frequencies.  Localized  motion 
of  the  alkali  ion  in  silicate  cages  can  lead  to  strong  absorption  in  the  microwave 
range.  The  undesirable  heating  of  Coming  9609  glass -ceramic  cooking  ware  is  an 
excellent  example  (MacDoweU,  1984).  Sodium  nepheline  (Na4Al4Si40i6)  is  the 
crystalline  phase  in  this  ceramic  whose  microwave  losses  are  far  higher  than  those 

of  natural  nephaline  (KNa3  ALtSuOig).  The  glass-ceramic  has  a  tan  5  of  about  1% 
at  2.4S  GHz  compared  to  1%  for  the  mineral  nepheline.  The  high  loss  is  attributed 
to  the  "rattling"  motion  of  the  smaller  Na+  ion  occupying  the  crystallogr^hic  site  of 
the  larger  K'*'  ion.  Sodium  nepheline  dishes  are  unsuitable  for  use  in  microwave 
ovens  because  of  the  high  heat-up  rate.  The  rattling  motion  of  alkali  ions  can  be 
pictured  as  localized  conduction,  or  as  a  reorientable  dipole  between  the  cation  and 
the  coordinating  anion  cage.  In  this  respect  it  bears  a  similarity  to  the  double 
potential  model  used  to  describe  proton  motion  in  ice  and  ferroelectric  potassium 
dihydrogen  phosphate. 

In  most  glasses,  the  tan  8  values  continue  to  climb  with  higher  fr'equency. 
These  losses  are  especially  prominent  in  lead-bearing  glasses  aixl  can  be  thought  of 
as  tails  fr'om  far  inframd  spectra.  The  atomic  motion  associated  with  these  losses 
involve  motions  of  heavy  ions,  or  in  some  cases  loosely  bonded  fragments  of  the 
silicate  network,  against  the  more  tightly  bonded  portions  of  the  network. 

TAILS  FROM  THE  FAR  INFRARED 

Most  people  have  watched  the  ghostly  'Tales  from  the  Crypt,"  but  few  have 
given  much  thought  to  tails  from  the  far  infrared.  They,  too,  are  rather  cryptic  in 
that  their  origin  is  very  obscure. 

In  crystals,  infrared  resonances  involve  the  interaction  of  electromagnetic 
waves  and  the  electric  dipoles  associated  with  lattice  vibrations.  The  "reststrahlen" 
in  alkali  halides  come  from  the  excitation  of  a  mode  in  which  alkali  ioiiis  vibrate  out 
of  phase  with  halogens.  The  frequency  of  this  peak  moves  toward  the  far  infrared 
and  microwave  region  for  heavy  ions  like  Cs'*'  and  I'.  Weaker  bonding  and  heavier 
masses  both  contribute  to  the  frequency  shift.  This  idea  is  utilized  in  choosing 
uifra.^  windows  for  optical  systems. 

Similar  relationships  are  observed  in  polymer  and  composite  systems. 
Vibrational  motions  in  polymers  involve  large  numbers  of  atoms  (and  hence  large 
masses)  and  weak  secondary  bonding  forces  between  polymer  chains.  The 
dielectric  properties  of  polymers  at  microwave  frequencies  have  been  reviewed  by 
A.J.  Bur  (1985).  High  frequency  dielectric  losses  arise  from  various  portions  of 
the  pol)rmer  stmeture.  These  include  pendulum-like  motions  of  bulky  side  groups, 
crankshaft  motions  of  the  main  chain,  "freezing-in"  motions  accompanying  the 
rubber  to  glass  transformations,  and  oscillations  of  the  tiny  crystallites  present  in 
semicrystalline  polymers.  Generally  speaking,  the  smaller  segments  of  polymer 
chains  resonate  at  higher  frequencies  and  are  the  last  to  be  frozen  out  at  low 
temperatures. 
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Poly  (etl^iene  oxide)  or  PEO  is  a  typical  ciystalline  polymer  with  a  melting 

point  of  60*’C  and  Tg  near  -67°C.  The  helical  chain  has  a  backbone  of  carbon  and 
oxygen  atoms: 


II  II 

-C-C-O-C-C-0- 

II  II 

PEO  has  a  modest  dielectric  constant  of  4.3  at  room  temperature  but  a  large 
absorption  factor  (tan  5~0.i)  in  the  GHz  range.  Microbrownian  motions  of  the 
main  chain  has  been  suggested  as  the  cause  of  this  absorption  peak.  Like  glycerine, 
this  peak  is  strongly  dependent  on  temperature  and  frequency.  At  -S0°C,  the  loss 
peak  in  PEO  has  dropped  six  orders  of  magnitude  to  the  kilohertz  range.  (Connor, 
et  al..  1964). 

In  amorphous  polymers  it  is  often  difficult  to  identify  the  origin  of 
microwave  losses.  Low  density  polyethylene  (CH2)o  has  twice  the  microwave  loss 

level  of  high  density  polyethylene.  (Amrhein,  1972).  The  tan  S  values  increase 
slowly  with  fiequency  similar  to  the  behavior  of  the  high  Q  resonator  ceramics. 
The  higher  losses  of  low  density  polyethylene  have  been  attributed  to  the 
amorphous  regions  where  portions  of  polymer  chains  are  able  to  oscillate  in 
response  to  the  microwave  field. 

DIPOLE  REORDEOTATION 

The  loss  spectrum  of  water  illustrates  the  contributions  of  conductivity  and 
dipole  reorientation  to  the  dielectric  constant.  Fig.  shows  the  classical  relaxation 
spectrum  at  room  temperature.  Water  molecules  have  large  dipole  moments 
bMxause  of  their  nonlinear  molecular  geometry.  Under  an  electric  field  the  dipoles 
reorient  easily  at  room  temperature  producing  a  large  dielectric  constant  of  nearly 
80.  At  microwave  frequencies  there  is  a  rapid  decrease  in  the  dielectric  constant 
accompanied  by  a  large  loss  peak  which  is  utilized  in  cooking  foods.  The  presence 
of  water  in  meat  and  vegetables  couples  the  microwave  energy  into  the  food.  At 
lower  frequencies  there  is  additional  loss  arising  from  conduction.  The  temperature 
dependence  of  the  dielectric  properties  at  3GHz  and  IMHz  are  quite  different.  The 
microwave  loss  peak  moves  to  higher  frequencies  with  increasing  temperature 
causing  the  3GHz  loss  to  decrease.  On  the  other  hand  the  1  MHz  loss  increases 
with  temperature  as  the  water  becomes  more  conducting.  It  is  interesting  to  note 
that  the  dipole  reorientation  effects  in  water  persist  below  the  freezing  point.  The 
dielectric  constant  of  ice  is  almost  as  high  as  water  but  the  relaxation  frequency 
drops  rapidly  into  the  kilohertz  range  and  no  longer  couples  strongly  to 
microwaves. 

Other  polar  liquids  behave  in  a  manner  similar  to  water.  Table  2  lists  the 
microwave  properties  of  several  polar  and  non-polar  liquids.  Both  the  real  and  the 
ims^inary  parts  of  the  dielectric  constant  of  polar  liquids  are  orders  of  magnitude 
larger  than  nonpolar  liquids.  Dipole  reorientation  is  one  of  the  dominant  absorption 
mechanisms  m  the  microwave  regionu 


60 


Microwaves 


Many  organic  liquids  show  strong  dispersion  effects.  Glycerol 
(CH2OHCHOHCH2OH)  is  a  highly  viscous  polar  liquid  with  a  boiling  point  of 

290*’C  and  a  melting  point  of  18°C.  Dielectric  spectra  taken  over  a  wide  range  of 
temperatures  resemble  the  curious  frequency  •  dependent  curves  of  lead  magnesium 
niobate  (PMN)  and  other  relaxor  ferroelectrics.  The  broad,  diffuse  melting 
transition  is  accompanied  by  peaks  in  K’  and  K"  which  depend  strongly  on  both 
temperature  and  measuring  frequency.  When  measured  at  100  Hz,  K"  peaks  at  - 

60®C,  and  then  shifts  rtqjidly  to  higher  temperatures  for  higher  frequencies.  At  10 

kHz  the  peak  is  at  -40“C  at  10  MHz,  0“C,  and  at  100  MHz,  25“C.  Thus  the 
absorption  maximum  in  glycerol  moves  rapidly  toward  the  microwave  region  as  the 
tenq)erature  rises  (Morgan  and  Yager,  1940). 

It  is  this  "tunability"  of  energy  absorption  that  makes  microwave  processing 
especially  interesting.  Unlike  normal  furnaces  with  broad  band  heat  sources, 
monochromatic  sources  such  as  microwave  ovens  and  high  power  lasers  offer  the 
possibility  of  shifting  the  heating  from  one  constituent  to  another  as  reaction  and 
densification  take  place.  Exploitation  of  this  time-temperature-frequency  feature 
seems  likely. 

Table  2.  Microwave  dielectric  properties  of  liquids  at  3  GHz  and  25®C 
(vonHippel,  1954) 


K  taai 

Polar  Liquids 

Water  (H2O)  77  0.16 

Methyl  Alcohol  (CH3OH)  24  0.64 

Ethyl  Alcohol  (CH3CH2OH)  6.5  0.25 

Nonpolar  Liquids 

Heptane  (CH3(CH2)5CH3)  2.0  0.0001 

Cadran  Tetrachloride  (CCI4)  2.0  0.0004 


MICROWAVE  RESONANCE  SPECTRA 

Piezoelectric  resonances  also  give  rise  to  loss  spectra,  sometimes  at  very 
high  frequencies.  For  thickness  resonance,  the  fundamental  frequency  f  is 


where  c  is  the  stiffness  (approximately  10*^  N/m^  for  an  oxide),  p  the  density 
(~5000  kg/m^)  and  t  refers  to  the  specimen  thickness  in  meters.  Millimeter  thick 
transducers  have  resonant  frequencies  in  the  MHz  range,  and  extrapolating  these 
results  to  the  microwave  range,  it  is  apparent  that  micron-size  piezoelectric  particles 
will  resonate  at  GHz  frequencies.  Ceramic  grain  sizes  and  ferroelectric  domain 
sizes  are  in  the  micron  range  and  therefore  show  electromechanical  losses  in  the 
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microwave  range.  Experiments  on  LiNb03  crystals,  bicrystals  and  ceramics 
confirm  these  ideas  (Yao  Xi  thesis). 

The  microwave  losses  in  BaTiOs  are  shown  in  Fig.3.  Note  the  drastic 
reduction  in  loss  in  specimens  placed  under  DC  bias.  With  domain  wails  locked  in 
position  there  is  a  large  decrease  in  K. 


tan  6 


Fig.  3.  Frequency  dependence  of  the  parameters  of  a  poly¬ 
domain  barium  dtanate  crystal  in  weak  fields.  1)  Per¬ 
mittivity;  2)  permittivity  in  a  bias  field  of  10  kV/cm;  3) 
loss-angle  tangent;  4)  loss-angle  tangent  in  a  bias  field  of 
10  kV/cm. 

Fig.  3  Dielectric  permittivity  and  loss  tangent  of  Ba(Tio.85Zro.i  iSno.04)03 
ceramics  change  rapidly  in  the  microwave  region.  Poling  the  ceramics  inhibit 

domain  wall  motion  and  lowers  both  K  and  Tan  5.  (Poplavko,  1964). 

Dimensional  resonances  of  a  different  sort  are  employed  in  the  dielectric 
resonators  used  in  cellular  mobile  radios,  marine  satellite  communications,  and 
microstripline  filters  for  SHF-TV  converters.  Dielectric  resonance  involves 
electromagnetic  waves  rather  than  the  acoustic  waves  utilized  in  piezoelectric 

devices.  The  resonant  frequency  is  controlled  by  the  dielectric  constant  K  (=  e/Eo) 

and  relative  magnetic  permeability  )4t  =  p4io- 
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where  c  is  the  speed  of  light  in  vacuum  and  X  the  wavelength.  Resonance  occurs 
when  the  specimen  size  corresponds  to  an  integral  number  of  wavelengths.  High  K 
dielectrics  reduce  the  wavelengths  and  miniaturize  the  microwave  filters. 

The  microwave  loss  spectra  of  typical  dielectric  resonators  are  shown  in 
Fig.  4.  Note  that  high  K  ceramics  have  higher  losses  than  do  low  K  materials,  and 
that  the  losses  genei^y  increase  at  higher  frequencies  suggesting  that  the  origin  of 

these  losses  is  in  the  far  infrared.  Tan  5  values  for  dielectric  resonators  are  very 
small,  typically  lO*^  to  1(H,  and  are  probably  associated  with  low  fiequency  tails 
of  far  infrared  <d>sorption  peaks. 

The  lowest  frequency  infrared  mode  involves  vibrations  of  the  large  cation 
against  the  oxygen  octahe^a  (Fig.5).  The  mode  softens  in  high  permittivity 
ferroelectric  perovskites  and  eventually  condenses  at  the  Curie  temperature  to  give 
spontaneous  polarization.  This  helps  to  explain  why  high  K  dielectrics  are 
generally  more  absorbing  than  Low  K  solids  in  the  microwave  region.  Tlw  infrared 
peaks  of  dielectric  resonator  materials  have  been  investigated  by  Waldno  (1986). 


Fig.4.Microwave  dielectric  constants  and  loss  spectra  for  ceramics  used  as 
dielectric  resonators  (Wakino,1986). 
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Fig.  5.  Far  infrared  vibration  mode  for  oxide  perovskites.  The  vibrational  mode  of 
heavy  iona  of  Pb  or  Ba,  and  TiOe  octahedra  in  the  oxide  perovskites. 

MAGNEnCLOSS 

Most  of  die  interactions  between  microwaves  and  matter  take  place  through 
the  electric  vector  of  the  electromagnetic  wave,  but  the  magnetic  field  vector  can 
also  induce  substantial  microwave  losses,  especially  in  magnetic  materials  with 
aligned  spins.  Some  of  the  loss  mechanisms  in  magnetic  materials  are  listed  in 
Tables. 

Table  3.  Loss  mechanisms  in  magnetic  solids  (Chikazumi,  1964) 

Hysteresis  loss  rising  ficom  irreversible  domain  wail  displacements 
Eddy  current  loss  from  field-induced  electric  currents 

Ma^tir  aftereffects  associated  with  electron  diffusion,  usually  from  Fe2+  to  Fc3+ 
Dimensional  resonances  coming  from  electromagnetic  standing  waves 
Magnetic  resonance  from  precessional  motion  of  uiqjaired  dipole  magnetic  mmnents 
Domain  wall  oscillations 


The  magnetic  field  vector  of  the  microwave  is  represented  by 

HsHoeio*  (28) 

The  resulting  magnetic  fiux  density  is 

B  =  Boc*l«-«)  =  poH+I  (29) 
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where  p.o  is  the  permeability  of  free  space  (4]c  x  10''^  H/m)  and  I  is  the 
magnetization  (magnetic  dipole  moment  per  unit  volume). 

The  magnetic  permeability  p.  is  analogous  to  the  electric  permittivity  E. 


and  the  magnetic  loss  factor 


(30) 


(31) 


The  relative  permeability  p.R  =  p/po  is  the  magnetic  equivalent  of  the  dielectric 
constant. 

The  magnetic  permeability  of  ferrites  is  strongly  dependent  on  frequency. 
The  resulting  losses  arise  from  conduction,  ferrimagnetic  resonance,  and  domain 
wall  oscillations. 

In  magnetic  ceramics,  much  of  the  microwave  loss  is  associated  with 
ferrimagnetic  resonance  which  is  observed  in  ferrites  with  the  spinel, 
magnetoplumbite  and  garnet  structures.  As  illustrated  in  Fig.6,  ferrimagnetic 
resonance  involves  ptecessional  motions  of  the  sublattice  magnetization  vectors 
about  an  effective  internal  magnetic  field  He-  The  effective  field  is  caused  by 
domain  wall  resonance  or  by  magnetocrystalline  anisotropy.  High  frequency 
absorption  in  the  microwave  region  is  found  in  magnetic  materi^  with  large 
anisotropy  coefficients  Ki.  Soft  ferrites  such  as  the  manganese  ferrites  with  the 
spinel  structure  generally  show  the -highest  loss  in  the  MHz  region  whereas  hard 
ferrites  with  the  magnetoplumbite  structure  have  much  higher  resonant  frequencies 
up  in  the  GHz  range. 
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Fig.  6.  Microwave  resonance  in  ferrimagnedc  oxides  in  which  the  sublattice 

magnetizations  Ia  and  Ib  precess  abwt  an  internal  effective  field  H«. 

Summag 

The  interactions  between  microwaves  and  matter  are  many  and  various. 
Conduction  losses  from  localized  space  charge  effects  are  responsible  for 
microwave  loss  in  transition  metal  oxides  wiSi  mixed  valence  states.  The 
inhomogeneous  nature  of  green  ceramics  can  be  modeled  using  Maxwell-Wagner 
theory  and  thermal  runaway  follows  a  process  similar  to  that  observed  in  OTC 
thermistors. 

Alkali  ions  cause  microwave  loss  in  glasses  and  other  silicates,  especially 
when  loosely  coordinated  in  a  manner  allowing  considerable  rattling  room. 
Oscillating  Na  ions  can  be  pictured  either  as  localiz^  conduction  or  as  reorientable 
dqtoles.  The  two  polarization  mechanisms  lose  their  identity  in  situations  like  this. 

Organic  compounds  and  polymers  are  useful  in  ceramic  processing.  Dipole 
relaxation  spectra  are  common  in  water,  alcohol  and  other  polar  liquids,  leading  to 
intense  energy  absorption  in  the  microwave  regions.  Polymers  also  absorb  in  this 
region  of  the  electromagnetic  spectrum  with  smaller  segments  of  the  polymer  chain 
resonating  at  higher  frequencies  and  continuing  to  lower  temperatures. 

LwaUzed  resonances  caused  by  piezoelectric  electrornechanical  coupling  can 
also  cause  microwave  loss.  Domains  in  ferroelectric  ceramics  are  on  the  tight  size 
scale  to  promote  loss  in  die  GHz  region. 

Dielectric  resonator  materials  such  as  ZrTiOa  utilize  electromagnetic 
resonance  rather  than  electromechanical  resonance.  These  are  generally  low  -  loss 

ceramics  but  the  tan  5  values  irKrease  with  frequency,  suggesting  a  loss  mechanism 
associated  with  infrared  vibrations.  Soft  mode  condensation  in  ferrcelectrics  has  a 
similar  origin. 

Filially,  not  all  microwave  losses  take  place  through  the  electric  vector  of  the 
wave.  The  magnetic  field  vector  can  initiate  energy  transfer  through  magnetic 
resonance  effects  in  which  the  unpaired  electron  spins  piecess  about  internal  fields. 
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Anisotropy  effects  in  hard  ferrites  and  oscillating  domain  waUs  often  create  the 
internal  fields. 
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ABSTRACT 

Very  little  is  known  about  how  microwaves  interact  with  ceramics.  We  have 
recently  developed  a  theory  of  these  processes  on  the  basis  of  Debye  relaxation  of 
interstidals,  vacancies  and  bivacancies,  and  explained  successfully  thermal  runaway 
observations  on  silica,  alumina,  strontium  titanate,  zinc  oxide  and  iron  oxide,  as 
well  as  dielectric  constant  and  loss  factor  observations  on  alumina,  silica,  and  boron 
nitride.  The  article  addresses  these  results  as  well  as  their  satisfactory  correlation 
with  potentials  for  atomic  motion  and  diffusion  barriers  obtained  on  the  basis  of  ab 
initio  computer  calculations,  and  our  recent  exploration  of  structure  effects  on  the 
phenomena  of  themial  runaway  and  microwave  absorption. 

INTRODUCTION 

The  following  is  a  description  of  a  theoretical  attempt  carried  out  in  our  group 
within  the  last  year  to  understand  the  interaction  of  microwaves  with  ceramic 
materials.  The  motivation  came  from  reported,  in  some  cases  suspected,  in  others 
expected,  and  always,  surely,  desired,  enhancement  in  sintering  temperatures  and 
times  under  the  action  of  microwaves.  The  context  came  from  two  specific 
phenomena:  thermal  runaway,  and  loss  factor  measurements.  The  techniques  used 
were  a  combination  of  ab  initio  computations  involving  numerical  methods, 
Langevin  procedures  applied  to  stochastic  nonlinear  equations,  and  simple  model 
calculations  of  absorption  of  electromagnetic  radiation.  Results  have  been 
satisfactory.  They  show  agreement  of  the  theory  with  reported  findings  in  a  variety 
of  materials  and  promise  further  insights  into  microwave  interactions  with  ceramics. 
Whether  microwave  sintering  does  or  does  not  become  a  feasible  industrial  method 
in  the  near  future,  the  analysis  reported  below  should  find  use  in  the  difficult  but 
important  business  of  the  construction  of  a  general  picture  of  the  way  ceramics 
behave  under  electromagnetic  radiation  in  the  microwave  range. 
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For  the  sintering  background,  we  refer  the  reader  to  reports  in  the  recent  literature 

[1-3]  that  microwave  heating  can  lower  the  sintering  temperature  in  several 
materials  by  several  hundreds  of  degrees  and  shorten  the  sintering  time  by  several 
hours.  It  has  been  suspected  that  microwaves  not  only  increase  the  heating 
efficiency  by  concentrating  the  heating  process  within  the  material  rather  than  in  the 
furnace  in  which  the  material  is  placed,  but  also  have  basic  consequences  such  as 
more  efficient  atomic  diffusion  within  the  material.  To  understand  microwave 
effects  on  sintering,  one  must  understand  microwave  effects  on  atomic  diffusion. 
To  understand  the  latter,  one  must,  in  turn,  acquire  a  cotnprehensive  picture  of  the 
general  phenomenon  of  microwave  absorption  in  ceramics.  Of  the  two  areas  we 
have  targeted  for  study,  one  is  rather  dramatic  and  consists  of  the  finding  that, 
during  microwave  heating  of  a  number  of  materials,  the  increase  of  temperature  is 
found  to  be  gentle  at  first  but  explosive  later  when  a  threshold  is  reached,  the 
sudden  rise  of  temperature  being  referred  to  as  thermal  runaway  [1,4,5].  The  other 
target  of  our  study  has  been  dielectric  measurements  of  ceramics,  in  particular  the 
temperature  and  frequency  dependence  of  the  loss  factor  and  the  dielctric  constant. 

RELAXATION  OR  RESONANCE  ? 

The  first  question  that  a  theory  of  microwave  interaction  with  ceramic  materials 
must  address  is  related  to  an  apparent  paradox:  there  appear  to  be  no  oscillations  in 
ceramic  materials  with  characteristic  frequencies  in  the  microwave  range.  Standard 
resonance  absorption  theory  is  based  on  an  evolution  equation  of  the  form: 

d^x  dx  2  q  ^  '  ... 

^^a-+^,x=-Ezosax  (1) 

Resonance  absorption  means  tiiat  the  (microwave)  radiation  with  electric  field  E  is 
absorbed  by  the  material  possesing  an  oscillation  of  a  coordinate  x  with 
charactcrstic  frequency  (Dq  when  the  radiation  frequency  co  is  essentially  equal  to 

coq.  The  effective  charge  and  mass  are,  respectively,-  q  and  m.  The  primary  effect  of 

the  damping  rate  a  is  to  broaden  the  absorption  line,  a  secondary  effect  being  to 
impose  a  slight  shift  (  to  the  low-frequency  side)  on  the  resonant  frequency. 
Typical  o)q's  such  as  those  of  vibrations  in  the  ceramic  arc  larger  by  2  to  3  orders 

of  magnitude  than  microwave  frequencies  co  which  lie  in  the  GHz  range.  In  ligh;  of 
this  disparity,  it  is  obvious  that  a  resonance  mechanism  is  unable  to  provide  an 
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explanation  of  the  source  of  microwave  interactions  in  ceramics. 

The  resolution  of  this  paradox  lies  in  understanding  that  absorption  of  microwaves 
in  ceramics  can  occur  by  the  relaxation  mechanism  [6]  rather  than  by  resonance. 
The  simplest  way  to  understand  relaxation  is  to  notice  that  damping,  which  merely 
broadens  the  resonance  line  when  small,  has  a  profound  effect  on  the  location  of 
the  absorption  peak  when  large.  In  the  large  damping  limit,  equation  (1)  is  well 
represented  by 

^+rx  =  cEcosax  (2) 

dt 

c  being  q/ma  and  F  being  tog  ^/a.  The  absorption  peak  is  now  nowhere  near  cdq 
but  at  r,  which,  in  this  limit  of  large  ot  (  relative  to  uq  ),  can  be  considerably 
smaller  -  indeed  by  orders  of  magnitude  as  is  the  case  in  microwave  absorption  - 
than  the  characteristic  frequency  coq  of  the  material  oscillation.  It  is  important  to 

observe  that,  in  this  limit,  absorption  can  occur  at  field  frequencies  which  cannot  be 
identified  with,  and  arc  much  lower  than,  all  frequencies  in  the  system  except  the 
quantity  F  which  one  could  call  the  relaxation  frequency  or.  more  appropriately,  the 
relaxation  rate.  The  terminology  arises  because  the  physical  origin  of  the  absorption 
is  through  a  matching  of  the  field  period  to  a  lime  characteristic  of  the  relaxation 
process  that  the  oscillator  undergoes  under  the  combined  action  of  damping  and 
natural  oscillatory  tendencies. 

NONLINEAR  POTENTIAL  AND  STOCHASTIC  EVOLUTION 

Through  model  calculations  we  have  explored  various  possibilities  regarding 
characteristic  motions  within  the  ceramic  materials.  That  work  has  resulted  in  our 
suggesting  vacancy  or  interstitial  motion,  e.g.  bivacancy  rotation,  as  being 
responsible  for  microwave  interaction  through  the  Debye  relaxation  mechanism 
explained  above.  This  is  in  agreement  with  e.jlier  ideas.  As  an  initial  step  in  our 
analysis,  we  carried  out  a  first-principles  determination  of  the  features  of  the 
potential  felt  by  these  moving  entities  in  several  materials,  a  particularly  simple 
example  being  MgO  which  has  a  rock  salt  structure  with  a  lattice  constant  of  4.21 
A.  In  order  to  describe  vacancy  motion,  we  chose  the  CNTDO/^  method  (  Complete 
Neglect  of  Differential  Overlap  version  2  )  as  a  reasonable  compromise  between  the 
level  of  sophistication  and  the  amount  of  computational  time,  and  considered 
clusters  of  up  to  30  atoms.  The  method  and  details  of  the  results  of  the  numerical 
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calculation  may  be  found  elsewhere  (7].  The  important  characteristic  of  the  potential 
which  emerges  from  the  numerical  work  is  that  it  is  generally  periodic  and 
obviously  nonlinear,  i.e.  anharmonic.  The  appropriate  force  term  to  be  used  in  the 
equadon  of  morion  is  therefore  NOT  of  the  Hooke's  form  as  in  (1)  or  (2),  but 
possesses  nonlinearity.  The  potential  to  be  used  is  not  of  the  harmonic  form 

(1/2)(0q  V  but  may  be  modelled  simply  by  the  sinusoidal  form 

t/W=-'jA^l+cos  (3) 


where  a  describes  the  pciiodicity  of  the  potential  and  A  measures  its  height.  The 
evolution  equation  on  which  one  may  base  a  theory  of  microwave  absorption  is 


djc  dU (x)  q  ^  . 

-TT+ ®  — = — £  cos  ox  +  RU) 

dr  dt  dx  m 


(4) 


Two  characteristics  of  (4)  distinguish  it  from  earlier  starting  points  such  as  (1).  The 
first  is  the  nonlinearity  of  the  potential  U  which  is  a  consequence  of  the 
mechanical  interaction  of  the  moving  entity  with  the  rest  of  the  lattice.  The  second 
stems  from  the  term  R(t).  That  term  represents  the  random  force  which  describes 
the  thermal  interaction  of  the  movirtg  entity  with  the  rest  of  the  solid.  Our  theory 
of  microwave  absorption  in  ceramics  is  based  on  the  interplay  of  these  two 
interactions.  It  will  be  seen  that  the  coexistence  of  nonlinearity  and  stochasticity  is 
responsible  for  such  behavior  as  thermal  runaway. 


TWO-STATE  ANALYSIS  AND  THE  T{t)  EQUATION 

The  solution  of  (4)  presents  a  non-trivial  task.  Contrary  to  the  case  of  the  harmonic 
(1),  on  which  most  of  the  textbook  descriptions  of  the  absorption  of 
electromagnetic  radiation  are  based,  one  cannot  find  exact  solutions  even  for  the 
single  case  of  the  sinusoidal  potential  given  by  (3).  Analytic  solutions  are  known  in 
terms  of  Jacobian  elliptic  functions  for  the  undamped  (a  =  0).  homogeneous  (E  = 
0),  and  deterministic  (R  =  0)  limit  The  introduction  of  low  damping  allows  one  to 
use  the  averaging  method  [8]  to  find  approximate  solutions.  Scientists  interested  in 
chaos  have  studied  the  deterministic  undamped  case.  But  their  results  are 
appropriate  for  high  electric  fields  which  are  not  attained  in  microwave  interactions 
with  ceramics  since  field  intensities  are  limited  by  breakdown.  Scarcity  of  available 
results  has  led  us  to  study  (4)  in  a  variety  of  new  ways  including  the  development 
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of  nonlinear  Fokkcr-Planck  equations  to  treat  the  stochastic  element  and  the  use  of 
perturbation  techniques  supported  by  numerical  simulation.  Rather  than  describe 
that  work  here,  we  will  consider  a  simplified  two-state  analysis  which  can  capture 
the  essence  of  the  evolution  and  lead  us  rapidly  from  (4)  to  an  understanding  of 
phenomena  such  as  thermal  runaway. 

An  important  feature  of  the  nonlinear  potential  U(x)  in  (3)  or  (4)  is  that  the 
interstitial  atoms  or  vacancies  which  are  subjected  to  it,  lie  in  the  binding  part  of  the 
wells  at  low  temperatures  but  may  be  freed  from  them  at  high  temperatures.  With 
attention  on  the  two  states  provided  by  the  nonlinear  potential,  let  us  make  the 
reasonable  assumption  that  the  relative  population  in  the  two  states  is  given 
statistically  as  a  result  of  thermal  quasi-equilibrium.  A  simple  expression  for  the 
fraction  f(T)  of  the  number  of  fire  entities  to  the  total  (both  free  and  bound)  number 
is  given,  through  Boltzmann  considerations,  by 

/(r)=-~r  (5) 

l+e^ 

where,  for  simplicity,  we  have  absorbed  the  Boltzmann  constant  k  through  a 
redefinition  of  A.  Clearly,  A  measures  the  barrier  the  absorbing  entity  must 
surmount  to  bcco.me  free  of  its  binding  well.  The  role  of  the  stochastic  force  R  is  to 
maintain  thermal  equilibriunx 

One  can  now  address  a  phenomenon  such  as  thermal  runaway  in  terms  of  the 
physical  model  which  is  a  consequence  of  the  above  considerations.  We  assume 
that  the  system  consists  of  two  species  which  we  call  the  A-spccies  and  the  M- 
species.  The  former  consists  of  absorbing  entities  and  is  typified  by  impurities  and 
inclusions  whose  relaxation  times  match  the  period  of  the  microwaves  and  which 
therefore  absorb  microwave  radiation  via  the  Debye  relaxation  mechanism.  These 
entities  are  absent  in  systems  which  arc  found  to  be  transparent  to  microwaves.  In 
such  cases,  the  A-spccies  cnritics  are  provided  by  aids  which,  when  introduced  into 
ceramics  which  are  naturally  transparent  to  microwaves,  cause  the  absorption  of 
radiation.  Absorotion  by  this  A-spccies  leads  to  an  initial  slow  rise  of  temperature 
with  respect  to  time  as  the  absorbed  energy  is  redistributed  in  the  form  of  thermal 
energy  by  the  stochastic  interactions.  The  increase  in  temperature  causes  an  increase 
in  the  fraction  f(T):  more  carriers  tend  to  be  fme.  Straightforward  considerations  to 
be  detailed  below  show  that  absorption  in  the  free  state  is  much  larger  than  in  the 
bound  state.  This  means  that  absorption  increases  substantially  as  more  entities 
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become  free.  Stochastic  redistribution  of  the  absorbed  energy  in  the  thermal  form 
increases  T  which  in  turn  increases  f(T)  which  in  its  turn  increases  absorption. 
The  nonlinear  feedback  is  responsible  for  the  possibility  of  an  explosive  acquisition 
of  energy ,  i.e.  for  the  dramatic  phenomenon  of  thermal  runaway. 

It  is  important  to  understand  that  the  behavior  described  is  a  direct  consequence  of 
the  interplay  of  the  nonlinearity  of  the  potential  and  the  stochasticity  of  the  random 
term.  The  latter  is  responsible  for  the  redistribution  of  the  absorbed  energy  in 
thermal  form  while  the  former  provides  the  disparity  in  absorption  betwee.  the  free 
and  bound  states.  The  statement  made  above  about  the  drastic  difference  between 
absorption  of  electromagnetic  radiation  by  free  versus  bound  charges  can  be 
understood  easily  as  follows.  When  an  electric  field  representative  of  the  incident 
electromagnetic  radiation  is  applied  to  the  charge  in  question,  the  charge  is 
accelerated.  The  movement  is  opposed  by  friction  forces  which  increase  as  the 
velocity  increases  until  the  friction  forces  balance  the  electric  force.  A  d.c.  electric 
field  thus  brings  a  free  charge  in  equilibrium  to  a  state  of  non-zero  velocity.  The 
product  of  this  non-zero  velocity  and  the  electric  force  is  the  rate  at  which  power  is 
absorbed  by  the  charge  from  the  electromagnetic  field.  In  the  case  of  a  charge 
trapped  in  a  potential  well  on  the  other  hand,  the  effect  is  different.  The  velocity 
increases  under  the  action  of  the  electric  field  but  this  increase  is  opposed  by 
another  agent  in  addition  to  the  friction  force,  viz.  the  binding  force  which 
constrains  the  particle  to  the  well.  In  the  absence  of  friction,  an  oscillation  of  the 
charge  occurs  around  the  potential  minimum.  This  minimum  is  displaced  from  the 
original  minimum.  In  the  presence  of  friction,  the  oscillation  decreases  in  amplitude 
until  the  particle  comes  to  rest  at  the  new  potential  minimum.  Thus,  under  the 
combined  action  of  the  electromagnetic  force,  the  binding  force  and  the  friction 
force,  the  equilibrium  state  for  a  bound  absorber  is  that  of  rest.  Once  this  state  is 
reached,  there  is  no  absorption.  By  contrast,  the  equilibrium  state  for  a  free 
absorber  involves,  as  we  have  seen  above,  non-zero  velocity.  Heating  continues  in 
this  state. 

When  we  incorporate  these  features  into  an  evolution  equation  for  the  temperature 
T(t),  we  obtain 

^  =  Flk,  +  /(r)k^]-a,T*  (6) 

Here  P  is  the  power  and  k^  and  kj^  are  proportional  to  the  absorption  coefficients 
of  the  A-species  and  M-species,  respectively,  as  well  as  to  their  total  number  in  the 
material.  The  last  term  in  (6)  describes  losses  through  radiation  pathways.  Its  form 
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and  dependence  on  T  would  be  generally  different  from  that  used  in  (6)  if  other 
modes  such  as  convective  decay  were  dominant.  However,  we  use  the  form  shown 
both  in  order  to  follow  standard  procedure  and  because  excellent  confuroation  for 
the  term  is  found  in  our  applications  to  specific  observations. 


APPLICATION  TO  THERMAL  RUNAWAY  OBSERVATIONS 

We  have  encountered  rather  diverse  shapes  of  the  time-temperature  curve  in  our 
study  of  the  data  on  various  materials  and  equation  (6)  has  been  able  to  describe 
them  all  satisfactorily.  One  of  the  types  is  characterized  by  a  sudden  increase  in 
temperature  and  no  saturation  within  the  reported  observations.  It  is  typified  by 
chromia.  Another  shows  only  a  slight  effect,  i.e.  near-linear  rise  of  temperature. 
Silica  provides  an  example  of  this  behavior.  A  third  kind  of  observation, 
exemplified  by  iron  oxide,  is  a  rise  followed  by  temperature  saturation.  A  fourth 
type  combines  all  these  tendencies  into  an  S-shaped  curve  which  includes  the  gentle 
rise,  the  steep  increase  and  the  saturation.  Alumina  typifies  this  behavior. 

Equation  (6)  addresses  all  these  shapes  naturally.  If  kj^  f(T)  is  dominant,  and  is 

not  overwhelmed  by  the  T^  term  within  the  range  of  observations  the  sudden  rise 
and  no  saturation  appear  as  obvious  consequences  of  (6).  If  kj^^  and  the  T^  terms 
are  both  negligible  the  linear  rise  arises  naturally.  If  kj^j  alone  is  negligible,  but  the 

T'*  term  docs  dominate  at  high  temperatures,  the  rise  and  saturation  emerge  as  a 
consequence.  Finally,  the  full  cquaiion  (6),  with  all  terms  significant,  corresponds 
to  the  S-shaped  curve  as  in  alumina. 

The  specific  observations  we  analyzed  are  on  strontium  titanate  of  initial  porosity  of 
53%  during  the  process  of  sintering  via  microwave  heating  [4],  on  silica  for 
microwave  heating  [5]  at  500  W  for  7  min;  on  zinc  oxide  [1],  the  heating  time 
being  also  7  min;  on  silica  at  power  levels  of  1000  W,  1500  W,  and  2000  W 
respectively  [5],  on  iron  oxide  (1),  and  on  alumina  of  initial  porosity  50% 
undergoing  microwave  sintering  [4],  A  comparison  of  the  observed  curves  and  the 
theoretical  fits  shows  excellent  agreement.  We  refer  the  reader  to  refs.  9  and  10  for 
the  relevant  figures.  The  results  arc  summarized  in  Table  1. 


Microwaves 


Table  1.  Parameters  Deduced  from  Thermal  Runaway  Observations. 


material 

k;^(deg/minAV) 

kj^(deg/min/W) 

A(deg) 

Oi(l/s/deg3) 

silica 

3.9  x  10*2 

8.5 

5400 

0.35  X  10-12 

silica* 

1.8  X  10*^ 

8.8 

5600 

0.35  X  10-12 

zinc  oxide 

9  X  10-2 

30 

2800 

0.46  X  10-12 

ferric  oxide 

1.6 

0.96 

1.7  X  10-2 

0.5  X  10-12 

alumina 

8.1  X  10'® 

72 

2600 

1.9  X  10-12 

str.  titanate 

1.1  X  10-2 

230 

3600 

4.1  X  10-12 

*multiple  power  levels 

Several  comments  are  in  order.  Although  Oj  has  been  taken  as  a  fitting  parameter  it 
is  related  to  the  Stephan-Boltzmann  constant  o  through 


(7) 


where  S  and  V  are  the  surface  and  volume  of  the  sample  and  Cy  is  its  specific  heat. 
The  magnitude  of  the  universal  constant  a  is  known  to  be 


<t=5j68x10’'*  Wem'^deg^ 


(8) 


We  have  been  able  to  show  that  typical  values  of  the  surface-volume  ratio  and  known 
values  of  the  specific  heat  lead  to  extremely  good  agreement  of  with  values 
obtained  from  our  fits.  An  example  is  alumina  in  which  the  value  deduced  from  the 
above  calculation  is  2  x  10"^^  s’^  deg'^  whereas  the  value  obt^ned  from  the  fits  is 

1.9  X  10-12  s*'  deg'^.  This  agreement  certainly  supports  the  view  in  the  literature 
that  the  loss  of  heat  by  radiation  is  indeed  the  major  factor  responsible  for  temperature 
saturation  in  thermal  runaway.  Furthermore  this  means  that  need  not  be  taken  to 

be  a  fitting  parameter  in  our  theory  [9,10].  The  deduced  magnitudes  of  A  also  appear 
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to  be  compatible  with  usually  accepted  values  of  energy  barriers  for  defect  formation. 
While  not  identical  to  the  latter,  they  do  not  differ  by  order-of-magnitude  factors.  It  is 
remarkable  that  a  two-parameter  theory  ( the  adjustable  parameters  being  kj^  and  k^/^ ) 

fits  the  large  variety  of  observed  shapes  of  the  temperature-time  curves  so  well.  A 
complete  microscopic  theory  of  the  phenomenon,  which  is  under  way,  is  expected  to 
obtain  these  two  adustable  parameters  also  from  ab  initio  calculations,  making  this 
theoretical  development  free  of  adjustable  quantities. 


APPLICATION  TO  DIELECTRIC  LOSS  MEASUREMENTS 

In  order  to  provide  independent  experimental  suport  for  the  basic  assumptions  of  our 
theory  described  above,  we  have  applied  them  in  a  context  different  from  that  of 
thermal  runaway,  viz.  dielectric  mc:*suremcnts  on  ceramics.For  reasons  of  space  we 
do  not  describe  the  relevant  formulae  here,  except  for  mentioning  that  they  involve 
straightforward  application  of  the  ideas  explained  above  and  that  they  address  the 
complex  dielectric  constant 

£=£,-»£.  (9) 

and  the  loss  factor 

tan  5=^  (10) 

which  is  related  to  the  absorbed  power  P  through  the  well-known  relation 

P  =  Ege,  tan5  (11) 

Reference  1 1  may  be  consulted  for  full  details  of  this  part  of  our  theory.  We  have 
found  reasonable  fits  to  data  on  both  the  real  part  of  the  dielectric  constant  and  the 
loss  factor  in  several  materials  including  sapphire,  boron  nitride,  and  fused  silica. 
Experiments  are  available  [12]  at  3.5,  35  and  94  GHz.  In  our  fits  to  observations  of 

Ho^^  on  alumina  at  3.5  and  35  GHz  we  find  that  the  deduced  values  of  the  energy 
barrier  A  in  units  of  temperature  lie  between  3000  and  7000  K  and  that  the  relaxation 
time  X  responsible  for  absorption  through  Debye  relaxation  is 
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f=0.8xl0‘'*f 


(12) 


This  latter  result  is  particularly  satisfactory  because  1/x  lies  close  to  the  frequency  of 
microwaves  used  in  the  experiments,  thus  ensuring  internal  consistency  of  the  theory. 
The  value  of  the  energy  barrier  A  also  agrees  with  values  for  ionic  and  vacancy 
motion  [13]. 


GENERALIZATION  FOR  f(T)  AND  STRUCTURE  EFFECTS 

Among  the  directions  in  which  we  have  extended  the  theory  explained  above  is  the 
exploration  of  structure  effects  through  the  generalization  of  the  simple  two-state 
assumption  of  our  model  and  of  the  corresponding  expression  (5)  for  the  fraction 
f(T).  It  is  clear  that  such  a  generalization  based  on  phase  space  considerations  leads  to 


J  dx  dp 


f(r> 


fre«  regtoft 


jdx  dp 


kT 


entire  tegioA 


(13) 


The  phase  space  integration  is  carried  out  over  the  entire  region  available  to  the 
moving  entity  in  the  denominator  of  (13)  but  only  over  the  "free”  region  in  the 
numerator.  For  a  representative  1 -dimensional  system  one  can  reduce  (13)  to 


tntU*  rvgion 


The  integrations  over  the  momentum  have  been  carried  out  and  the  complementary 
error  function  introduced  in  (14).  For  the  sinusoidal  potential  U(x)  given  by  (3)  it  is 
possible  to  obtain 


/(r)=^ 


e  erfeJ 


'A(l  +cosy) 
2kT 


(15) 
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which  involves  the  modified  Bessel  function  Iq  while  for  the  square  well  potential  in 
3  dimensions  one  gets 


re 


fQ')=- 


2 


A 

*7 


1+re 


(16) 


In  appropriate  limits  these  expressions  can  be  shown  to  lead  to 

.A 

=>  (r=l)  =>  /Cr)=-^  (17) 

1+c 

In  the  first  form  of  (17)  we  explicitly  see  the  effect  of  the  structure  factor  r  which  is 
the  ratio  of  the  volume  of  the  free  region  to  that  of  the  bound  region.  In  the  simple 
case  r  =  1,  we  recover  the  two-state  result  of  (5).  This  theory  [1 1]  has  been  used  to 
extract  the  value  of  the  geometrical  factor  r  for  alumina  ( found  to  be  0.58 )  by  fitting 
the  predictions  to  observations  of  the  loss  factor  at  3.5  and  35  GHz. 


/(r)= 


1 

-+e 

r 


CONCLUSIONS 

We  have  described  a  simple  theory  of  microwave  interactions  with  ceramic  materials. 
Debye  relaxation  as  the  mechanism  for  absorption  and  a  crucial  interplay  of  the 
nonlinearity  of  the  potential  and  the  stochasticity  of  the  random  force  are  its  essential 
elements.  A  simplified  treatment  based  on  a  two-state  description  of  the  phase  space 
available  to  the  absorbers  subjected  to  the  nonlinear  potential  was  found  to  lead  to  a 
satisfactory  explanation  of  thermal  runaway  and  dielectric  observations  c  ;  a  wide 
variety  of  materials.  Extensions  of  the  theory  along  generalized  phase  space 
considerations  were  also  desenbed.  Among  the  topics  currently  under  investigation 
arc  ab  initio  calculations  of  the  parameters  of  the  theory  for  a  wide  range  of  materials 
and  the  study  of  anomalous  power  dependence  and  saturation  effects  observed  in 
several  materials. 
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ABSTRACT 

This  work  examines  the  structure  of  an  oxide  material  heated  conventionally  and 
in  a  2.45  GHz  electromagnetic  field  Also  examined  is  the  structure  of  the  initial 
starting  powder.  Of  particular  interest  is  the  surface  structure  and  the  interior  bulk 
structure.  TEM  analysis  indicates  that  the  particle  structure  differs  depending  on 
the  processing  technique.  Based  on  these  findings,  a  preliminary  heating  model  is 
introduced  which  is  b^cd  on  the  presence  of  a  l^uid  phase  during  sintering.  The 
presence  of  this  liquid  phase  may  account  for  the  apparent  lower  activation  energy 
for  sintering  others  have  reported  since  their  woric  presumes  sintering  is  due  to 
solid  sate  processes. 

INTRODUenON 

The  technology  of  microwave  processing  of  ceramics,  glasses  and  composite 
materials  is  of  great  interest  because  of  the  real  advantages  that  have  been 
demonstrated  by  many  researchers.  Many  of  the  claimed  benefits  depend  on  an 
accurate  measurement  of  temperature  in  the  piece  being  processed.  A  number  of 
methods  are  used  to  measure  temperature  in  a  microwave  field.  In  the  author^s 
<q>inion  all  of  these  methods,  in  one  way  or  another,  have  serious  deficiencies. 
During  the  years  that  one  of  us  (Meek)  has  been  involved  in  this  area  he  has  seen 
numerous  examples  of  where  the  apparent  temperature  measured  did  not  reflect 
the  microstructure  observed.  This  paper  will  give  examples  of  the  above  and 
discuss  recent  work  that  shows  that  the  temperature  in  a  dielectric  material 
composed  of  more  than  one  grain  or  composed  of  more  than  one  dielectric 
constant  region  will  differ.  In  practice  the  proposed  model  put  fortli  by  Meek  [1] 
sug^sts  that  the  local  temperature  de^nds  most  importantly  on  the  local  dielectric 
constant  and  other  secondary  properties  such  as  heat  capacity  and  density  (which 
also  affects  local  dielectric  constant). 
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BACKGROUND 


Over  the  course  of  several  years  one  of  the  authors  (Meek)  has  observed 
microwave  sintered  microstructures  which  appear  to  only  be  possible  if  higher 
than  measured  temperatures  were  reached  during  the  process  cycle.  Some 
examples  appear  in  eariier  p^rs  by  Meek  and  his  co-workers  [2-5]. 

Figure  1  shows  the  fracture  surface  of  a  sample  of  zirconia  sintered  at  1800°C  (as 
determined  using  an  IR  meter)  in  a  60  GHz  electromagnetic  field.  The  sample 
took  ten  minutes  to  heat  from  room  temperature  to  1800°C  and  was  held  at  180()°C 
for  1  second  The  microstructure  appears  to  be  one  that  would  occur  at  a  much 
higher  temperature.  Similarly,  Figure  2  shows  the  microstructure  of  a  fractured 
st^ace  of  a  sample  of  Apollo  1 1  simulant  material  sintered  at  1 150°C  (as 


Figure  1.  Fractured  surface  of  zirconia  sintered  at  1800°C  for  1  second. 
INI*  10.0  rv  UP*  m  rwe*  X  650.  i^wiu-  i  n-  su 


Figure  2.  Fraataed  surface  of  Apollo  1 1  simulant  material  sintered  at 
1 150°C  for  45  minutes. 
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determined  using  an  IR  meter)  for  forty-five  minutes  in  a  2.45  GHz 
electromagnetic  field  Here  it  appears  that  the  intergranular  regions  were  melted 
during  sintering.  This  material  was  examined  to  determine  if  the  individual  grain 
stnicture  differ^  from  the  conventionally  sintered  material. 

EXPERIMENTAL 

The  material  used  in  this  work  is  Apollo  11  lunar  simulant  powder  with 
composition  as  shown  in  Table  1.  The  details  of  sample  preparation  arc  described 
elsewhere  [6].  The  initial  powders  were  in  the  form  of  pellets  of  0.9  cm  diameter 
and  approximately  2  cm  length.  These  pellets  were  made  by  cold  pressing  in  a 
piston-cylinder  apparatus  at  700  psi  and  then  isostatically  pressing  in  rubber 
sleeves  to  50,000  psi. 


Table  1.  Simulated  Compositions  (weight  percent). 


All 

A15 

A16 

Si02 

42.03 

46.52 

45.26 

T1O2 

7.48 

1.40 

0.58 

AI2O3 

13.59 

17.10 

26.22 

ftO 

15.74 

12.05 

5.82 

MnO 

0.20 

0.17 

0.07 

MgO 

7.86 

10.42 

6.39 

CaO 

11.98 

11.17 

14.76 

Na20 

0.44 

0.43 

0.45 

K2O 

0.14 

0.20 

0.13 

0203 

0.30 

0.27 

0.12 

P2O5 

0.11 

0.20 

0.13 

S 

0.13. 

0.07 

0.07 

One  set  of  samples  was  then  sintered  in  a  2.45  GHz  microwave  furnace.  Another 
set  of  samples  was  sintered  conventionally  at  1 150°C  for  4  hours.  The  sintered 
samples  were  then  ground  to  small  agglomerates  using  a  pestle  and  mortar.  A 
small  amount  of  agglomerates  was  fur^er  put  into  a  sm^  test  tube,  methanol  was 
added  and  the  tube  immersed  in  an  ultra-sonic  bath.  After  30  minutes  of  vibration 
the  liquid  appeared  cloudy.  The  cloudy  suspension  was  then  poured  onto  a  small 
piece  of  mica  and  dried.  A  very  thin  carbon  film  (about  1(X)  A)  was  evaporated 
onto  the  mica  and  finally  the  thin  film  was  floated  off  the  mica  substrate  into  clean 
distilled  water.  A  small  piece  of  thin  film  was  tlien  picked  up  with  a  copper  grid. 
In  this  way  we  arc  able  to  break  up  the  agglomerates  into  small  individual  grains 
or  small  grain  clusters.  The  unsintered  powder  specimen  was  also  made  by  this 
method. 

An  Hitachi  H-8(X)  scanning  transmission  electron  microscope  (STEM)  was  used 
to  evaluate  the  sintered  samples.  The  accelerating  voltage  was  200  KeV  and 
electron  probe  size  was  about  40  A.  Under  the  STEM  dark  field  image  mode,  we 
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used  the  convergent  beam  electron  Effraction  (CBED)  method  to  study  the 
stiSrSd  poS  tcause  by  using  this  method  one  can  ^aiyze  very  small 
regioos  of  the  order  of  the  probe  size  (in  this  case  around  40  A). 

RESULTS  AND  DISCUSSION 

Analysis  of  the  Grain  Structure 

For  conventionaUy  sintered  samples  using  TEM  the 
both  edge  and  center  of  the  particle  showed 

commonly  occur  in  a  crystal  structure  (sec  Fig.  3a  edge  and  3b  center). 
CompSng  these  CBED  patterns  with  those  for  unsintered  panicles,  the 
iinsintered  particles  also  showed  similar  crystal  diffraction  features  as  found  in  the 
conventionally  sintered  Apollo  1 1  simulant  matenal. 

In  the  case  of  microwave  sintered  samples,  the  CB^  patterns  obtmned  the 
pftwe  of  a  naiticle  showed  a  central  Effused  Esc  (Fi^rc  4)  which  indicates  an 
atSrphous  structure.  The  center  of  the  particle  had  simile  Effracuon  discs 
(FigtKC  5)  inEcaiing  a  crystalline  structure.  The  esumated  thickness  of  Ee 
amorphous  surface  layer  is  in  Ee  range  of  500  A. 


Figure  3a. 


CBED  pattern  obtained  from  edge  of  conventionally 
sintered  Apollo  1 1  simulant  particle  inEcating  a  crystalhi. 
structure. 
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Figure  3b.  CBED  pattern  obtained  from  center  of  conventionally 

sintered  Apollo  1 1  simulant  particle  indicating  a  crystalline 
structure. 


Figure  4.  CBED  pattern  obtained  from  the  edge  of  a  microwave  sintered 
Apollo  11  simulant  panicle  indicating  an  amorphous  structure. 
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Figure  5.  CBED  pattern  obtained  from  the  center  of  a  microwave 

sintered  Apollo  1 1  simulant  particle  indicaung  a  crystalline 
structure. 

The  existence  of  a  surface  amorphous  layer  suggests  the  possibility  that  the 
microwave  sintered  samples  may  have  undergone  transient  liquid  phase  sintering 
during  a  portion  of  the  sintering  process.  This  phenomenon  may  help  explain  the 
so-called  "apparent  lower  activation  energy  for  sintering"  as  reponed  by  others 
[3].  Generally,  the  activation  energy  of  liquid  phase  sintering  is  lower  than  that  of 
solid  state  sintering,  although  in  the  case  of  microwave  sintering  the  occurrence  of 
a  liquid  may  be  in  a  transient  manner. 

Based  on  the  above  results  we  introduce  some  thoughts  on  sintering  in  a 
microwave  field  where  a  transient  liquid  phase  may  occur. 

Tne  Interaction  of  Two  Dielectric  Particles  with  a  Microwave  Field 

Figure  6  shows  two  spherical  particles  of  a  dielectric  material  present  in  a 
microwave  field.  Equation  1  (Kelvin  cq.)  relates  the  partial  pressure  over  the 
curved  particle  surface  to  a  flat  surface  where  X  is  the  neck  radius  and  rn  is  the 
capillary  radius.  Po  is  the  pressure  over  the  flat  surface  for  the  condition  X»rn, 

and7-»;L 

•n  A 


TM  1 
pRTTn 


(1) 
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Where  Y  =  surface  energy  of  particle 

M  s  molecular  weight  of  material 
p  =  density  of  material 
R  a  gas  constant 
T  s  temperature  in  Kelvin 


Figure  6.  Two  spherical  dielectric  particles  in  a  microwave  field. 

p 

From  Eq.  1  we  see  that  since  rn  has  a  negative  curvature  then  /n  sr  is  and 

p  ° 

negative  tfierefore  ^  will  be  less  than  1. 

* o 

Following  this  argument  we  sec  from  Fig.  6  that  the  work  of  one  particle  against 
the  other  is  [7] 


APcdV„  =  YdA„  (2) 

where  aPc  is  the  variation  in  the  capillary  vapor  pressure,  dVn  is  the  change  in  the 
neck  volume,  y  is  the  surface  free  energy  and  dAn  is  the  incremental  change  in  the 
neck  area.  The  volume  of  the  neck  region  is  k  x  ^  /2R  and  the  surface  area  of  the 
neck  region  is  *2  x  3  /r  where  R  is  the  particle  size.  Substituting  dAn  and  dVn 
into  Eq.  (2)  we  have 


APe 


2.7J  X  =  2.  jtY 

4  X  8 


(3) 
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Consider  now  the  Clapeyron  equation  which  is 


^  AH  (4) 

where  T  is  temperature  in  Kelvin,  P  is  pressure,  aV  is  the  volume  change  for  the 
phase  change  from  solid  to  liquid  and  aH  is  the  heat  of  fusion. 

Then  we  have 


Tm  AHflPL  PsI 


APc 


(5) 


where  Tm  is  the  melting  temperature  of  the  material  which  makes  up  the  capillary 
region  and  Tm  is  the  melting  temperanue  of  the  particle  bulk  region.  For  the  case 
where  Till  ^  Tm  a  temperature  gradient  will  be  set  up  across  the  particle  from  its 
center  to  its  surface.  M  here  is  Ae  particle  mass,  pL  and  ps  are  the  densities  of  the 
liquid  and  solid  materials  in  thie  capillary  region  and  aPc  again  is  the  change  in  the 
capillary  vapor  pressure.  It  should  be  emphasized  here  that  aPq  is  negative  due  to 
the  concave  curvature  of  the  surface.  Substituting  aPc  of  equation  (3)  into  (5)  we 
have 


/n  =  _M_|J _ Lj 

Tm  AHflpL  PsI 


(6) 


Therefore,  Tm  <  Tm. 

Consider  the  affect  on  the  capillary  pressure  of  an  applied  microwave  field.  From 
Panofsky  and  Phillips  |8)  we  have  equation  (7)  which  relates  the  change  in 
capillary  pressure  between  two  dielectric  plates  submerged  in  a  dielectric  liquid. 


Pa*Pd  =  ^[e2W 

2  dgJi 


(7) 


We  assume  here  that  the  liquid  is  incompressible  and  Pa  -  Pd  is  the  change  in  the 
capillary  pressure  where  Pa  is  the  maximum  pressure  in  the  capillary  under  the 
infiuence  of  the  electrostatic  field  and  Pd  is  the  capillary  pressure  in  a  region 
outside  of  the  electrostatic  field.  Here  g  represents  the  affect  of  gravity  on  the 
liquid,  Co  is  the  permittivity  of  free  space,  E  is  the  electric  field  intensity,  and 
dk/dg  is  the  rate  of  change  of  the  local  dielectric  constant  with  respect  to  g.  Using 
die  Oausius-Mossotti  relation  for  an  incompressible  fluid  results  in 

PA.PD  =  ?^^[Br2  +  kE2]B 
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where  Et  and  En  are  the  tangential  and  normal  components  of  the  electric  field 
intensity  on  the  surface. 

Pa  -  Pd  is  the  c^illary  pressure  induced  by  the  presence  of  an  electrostatic  field  in 
the  liquid.  While  the  affect  here  is  due  to  an  electrostatic  field,  the  presence  of  a 
superimposed  microwave  field  may  create  a  higher  concentration  of  point 
imperfections  at  the  particle  surfaces  which  could  enhance  the  electrostatic  field. 
Let  APe  represent  this  contribution  to  the  capillary  pressure.  Sintering  in  a 
microwave  field  then  may  cause  an  increase  in  the  capillary  pressure  by  the 
amount  aPe.  This  increase  will  affect  the  vapor  pressure  over  the  liquid  in  the 
neck  region  and  from  equation  (5)  the  ratio  of  Ti^m  will  also  be  affected.  For 
example,  an  electrostatic  field  of  0.2V  across  a  space  charge  region  of  50A  will 
result  in  a  reduction  of  the  melting  temperature  of  the  mate^  in  the  interparticie 
region  of 222‘’C  if  that  material  is  aluminum  oxide. 

The  next  section  divides  the  sintering  process  into  three  stages  and  introduces 
steady  state  relationships  x^hich  describe  the  heat  input  from  £e  electromagnetic 
field  during  each  stage. 

Preliminary  Model  for  Transient  Liquid  Phase  Sintering 

The  steady  state  equations  presented  below  are  meant  to  be  only  the  initial  part  of  a 
general  sintering  model  in  which  the  time  varying  nature  of  the  heat  flow  and 
temperature  gradients  formed  during  sintering  are  taken  into  account.  Ultimately  a 
set  of  general  expressions  such  as  equation  (9)  will  be  developed. 


dQ  —  d  (t,  T,  Mj,  Cj, ...) 

(9) 

=  f  (t,  T,  M|,  APe, ...) 

(9’) 

where  Q  =  heat  input  into  particles 

=  shrinkage  of  particulate  system 
t  =  time 

Mi  =  mass  of  ith  material 
Ci  =  heat  capacity  of  ith  material 

APe  «  contribution  to  capillary  pressure  to  electromagnetic  field 

Recognizing  from  the  above  that  the  electric  field  intensity  and  power  density  is  a 
point  function  varying  with  local  dielectric  constant  lets  start  with  a  model  which 
expresses  the  heat  input  into  dielectric  particles  in  the  presence  of  a  2.45  GHz 
electromagnetic  field.  We  will  examine  how  this  distribution  of  heat  input  takes 
place  over  the  course  of  the  sintering  process.  For  the  first  stage  we  have: 

Q  =  CMaT  (10) 
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where  Q  a  the  heat  input  to  a  particle 
C  a  the  particle  heat  edacity 
M  a  particle  mass 

AT  a  particle  temperature  minus  the  particles  initial  temperature 

Further  we  may  now  express  the  partitioning  of  the  available  energy  (in  the  form 
of  heat)  to  the  particle-air  matrix  as  follows.  We  consider  the  region  between  the 
grains  to  include  a  small  surface  layer  of  each  grain 

QaM,C,(Ts-To)  +  MACA(TA-To)  (11) 

where  Mj  a  mass  of  solid  particles 

Tg  a  temperature  of  solid  particles 

To  a  initud  temperature  of  solid  particles  and  interparticle  medium 
C$  a  heat  capacity  of  solid  particles 
Ma  -  mass  of  interparticle  medium 
Ca  -  heat  capacity  of  interparticle  medium 
Ta  =  temperature  of  intcrparticlc  medium 

Changing  equation  (1 1)  to  a  unit  volume  basis  by  dividing  by  the  bulk  volume  Vb 
yields: 

^-PsCs^(T,.TJ.p*C*^(T*.TJ 

where  ps  a  density  of  solid  particles 
Vg  a  volume  of  solid  particles 
Vb  a  bulk  volume 

PA  a  density  of  interparticle  medium. 

We  now  mtroduce  q,  the  total  porosity  as: 

'  Vb  Vb  (13) 


and  equation  (12)  becomes 


:PsCs{1-ti)ATs  +  PaCaTIAT^ 


Equation  (14)  describes  the  first  stage  of  the  sintering  process  from  a  non¬ 
dynamic  point  of  view  in  that  it  shows  how  the  heat  is  divided  between  the  solid 
particles  and  the  interparticle  media  without  any  liquid  fonning. 
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The  next  stage  of  sintering  may  be  described  as  solid  state  with  the  introduction  of 
a  liquid  phase.  This  liquid  phase  may  or  many  not  be  transient  depending  on  the 
system  under  study.  We  will  assume  for  this  analysis,  however,  that  it  is 
transient. 

In  diis  suge  the  interparticle  media  contributed  by  each  particle  surface  results  in  a 
liquid  formed  by  the  melting  of  a  thin  surface  layer  of  each  solid  particle  and  the 
h^  input  is  expressed  as: 

Q  =  (Ms-ML)CsATs  +  MACAATA  +  MLAHf  (15) 

where  =  the  mass  of  the  liquid 

AHf  =  heat  of  fusion  of  the  solid 

Again  converting  to  a  per  unit  volume  basis  we  have 

and  expressing  this  in  terms  of  porosity  we  have 

^  =  PsCs  (1-n)  ATs  -  PlCs  ^  ATs  +  PaCa  NATa  +  Pl  ^  AHf  (17) 

where  Vn  =  the  neck  volume  and  in  this  case  is  equal  to  Vl  for  a  transient  liquid. 

During  stage  two,  a  liquid  emerges  due  to  the  preferential  coupling  of  the 
electromagnetic  field  to  the  particle  surface.  Once  the  liquid  forms,  the  capillary 
pressure  is  enhanced  in  the  eiectnjmagnetic  field  by  aPe  and  the  capillary  vapor 
pressure  is  also  enhanced  further  driving  down  the  melting  temperature  of  the 
material  between  the  particles.  This  also  increases  the  temperature  gradients 
present  in  the  powder  compact. 

The  last  stage  then  will  be  a  combination  of  solid  state  sintering  and  liquid  phase 
sintering.  During  this  stage  the  heat  input  may  be  described  in  a  similar  manner  as 
above. 

Starting  again  with  the  heat  input  expression  we  have 

Q  =  (Ms  -  Ml)  CsATs  +  MlClATl  +  MaCaATa  +  MtAHf  ( j  g) 

where  ATl  =  the  liquid  temperature  minus  the  melting  temperature 
Ol  =  heat  capacity  of  the  liquid 

Again  considering  heat  per  unit  volume  we  have 
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(19) 


+  PaCa  ^  ATa  +  pL  ^  AHf 
and  introducing  Ti  the  total  porosity  yields. 

^  =  PsCs  (1-11)  ATs  -  PlCs  ^  ATs  +  PlClATl 

+  PACAN.ATA  +  PL^AHf 

Equation  (20)  relates  the  partitioning  of  the  available  energy  in  the  electromagnetic 
field  between  the  various  phases  (or  repons)  present  in  the  dielectric  media.  Ve^ 
likely  large  temperature  gradients  exist  on  a  microscale  within  this  dielectric 
media,  "niese  temperature  padients  may  act  as  a  driving  force  for  sintering 
according  to  Searcy  [9J.  He  reported  that  relatively  small  temperature  gradients 
influence  sintering  of  various  ceramic  materials.  Braudeau,  Morcll  and  Monty 
[10]  reported  that  a  6'C7mm  temperature  gradient  near  16(X)°C  measurably 
increased  the  rate  at  which  10  iim  grooves  in  alumina  surfaces  decayed.  Very 
likely  the  local  temperature  grai ents  present  in  dielectric  materials  heated  using 
microwave  radiation  far  exceed  6®CAnm. 

CONCLUSIONS 

Based  on  the  experimental  results  of  TEM  analysis  of  microwave  sintered  and 
conventionally  sintered  oxide  material,  there  exists  a  difference  in  grain  structure 
between  these  two  methods  of  heat  treatment.  The  microwave  heated  grains  have 
an  amorphous  surface  layer  that  is  approximately  10%  of  their  diameter  while  the 
conventionally  heated  grains  appear  to  be  all  crystalline.  The  presence  of  a 
amorphous  surface  layer  on  the  surface  of  the  microwave  sintered  gjains  suggests 
the  presence  during  sintering  of  either  a  transient  liquid  or  a  permanent  liquid 
phase.  If  one  assumes  the  presence  of  a  transient  liquid  phase  during  sintering, 
then  the  preliminary  model  developed  here  offers  an  initial  description  of  the  heat 
distribution  during  the  sintering  process  in  a  microwave  environment. 
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The  observation  of  more  rapid  reaction  and/or  sintering  during  microwave  processing  of 
ceramics  has  lead  to  speculation  that  microwave  processing  results  in  ‘enhanced  diffusion'. 

The  loss  mechanisms  by  which  microwaves  interact  with  a  crystal  lattice  have  been  reviewed. 
These  mechanisms  were  evaluated  wnib  regard  to  the  atomic  theory  of  diffusion.  The  potential 
for  these  loss  mechanisms  to  influence  atomic  diffusion,  and  thus  produce  enhancement  will 
be  discussed. 

Existing  evidence,  both  direct  and  inject,  regarding  microwave  enhanced  diffusion  has  been 
reviewed  and  will  be  discussed  along  with  recent  experimental  data. 

INTRODUCTION 

The  use  of  microwave  radiation  for  materials  synthesis  and  processing  is  a  rapidly  expanding 
field.  There  have  been  numerous  reports  of  enhanced  diffusion  during  microwave  processing. 
These  reports  fall  into  two  categories.  The  first  consists  of  indirect  evidence  of  diffusion  such 
as  observations  of  enhanced  sintering,  grain  growth  or  reaction  zonesl^'^I.  These  types  of 
observations  do  not  provide  clear  evidence  of  enhanced  diffusion  since  interpretation  is 
difficult  for  complex  processes  such  as  sintering,  grain  growth  and  chemical  reaction. 

The  second  body  of  evidence  is  much  smaller  and  comprises  direct  mea.suremcnts  of 
di^usivities  and  activation  energies  for  diffusion  during  microwave  heating!^!.  Fathi  and 
ClarkHl  report  an  increase  in  width  of  the  reaction  zone  of  approximately  3  times  for  the  ion 
exchange  of  potassium  into  a  sodium-aluminum-silicate  glass.  This  data  indicates  an  increase 
in  the  diffusivity  of  approximately  one  order  of  magnitude.  Patterson  and  McCallunl^l  have 
implanted  titanium  in  sapphire  and  studied  the  diffusion  after  conventional  and  2,45  GHz 
microwave  annealing  at  lOOO'C.  Preliminary  results  from  this  study  indicate  that  there  is  no 
difference  in  the  concentration  profiles  between  the  conventionally  and  microwave  annealed 
samples  Janney  and  Kimrcyl*!  report  activation  energies  40%  lower  for  the  tracer  diffusion  of 
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oxj^en  in  alumina  annealed  using  28  GHz  microwaves.  They  obtained  activation  energies  of 
710  and  410  kJ/mol  for  the  conventional  and  microwave  samples  respectively  which  is 
equivalent  to  an  increase  of  approximately  two  orders  of  magnitude  in  the  diffusivity  for  the 
temperatures  studied. 

To  understand  how  a  microwave  field  might  influence  diffusion  it  is  helpful  to  look  at  the 
factors  which  control  diffusion.  Substitutional  diffusion  can  be  represented  by  the  following 
atomistic  formula: 


D  “  /Ao®Nci)  (1) 

where  D  is  the  diffusivity,  /  is  the  correlation  factor,  Ao  is  i  geometric  constant,  N  is  the 
concentration  of  vacancies  (i.e.,  the  probability  that  an  ion  has  a  vacant  next  nearest  neighbor,) 
and  (d  is  the  jump  frequency.  The  correlation  factor  corrects  for  the  fact  that  only  vacancy 
diffusion  b  purely  random.  The  Jumps  of  a  diffusing  ion  are  dependent  on  its  previous  jumps, 
and  hence,  'correlated*.  It  follows  from  the  above  formula  that  a  microwave  field  can  only 
influence  the  rate  of  diffusion  in  two  ways.  The  first  and  most  obvious  is  by  altering  the  jump 
frequency,  w,  and  the  second  is  by  changing  the  correlation  factor,  /. 

Electromagnetic  energy  can  be  dissipated  in  a  crystalline  dielectric  through  several  loss 
medianisms.  These  mechanisms  include  electronic  polarization,  ionic  vibration,  ion  jump 
relaxation,  conduction  and  interfadal  polarization. 

Electronic  polarization  and  ionic  vibration  are  resonance  phenomenon  and  if  operable  during 
microwave  heating  have  the  potential  to  directly  change  the  ion  jump  frequency.  Electronic 
polarization  would  alter  the  energy  barrier  to  be  overcome  by  the  jumping  ion  and  ionic 
vibration  would  alter  the  frequency  of  attempted  jumps.  Miaowave  frequencies  are  in  the 
range  of  10^  to  10*®  Hz  and  the  ion  jump  frequency  is  of  the  order  of  the  Debye  frequency 
which  is  about  10*^  Hz.  Application  of  resonance  theory  shows  that  resonance,  and  hence,  an 
ionic  vibration  loss  mechanism,  is  not  possible  for  any  reasonable  damping  force  since  these 
two  frequencies  differ  by  three  to  four  orders  of  magnitude.  This  has  been  explained  in  detail 
by  Kenkrel^.  (It  will  be  shown  later  that  in  the  unlikely  event  that  ionic  resonance  did  occur  it 
would  actually  result  in  a  lower  diffusivity.)  Since  electronic  polarization  occurs  at  even  higher 
frequencies  than  ionic  vibration,  this  loss  mechanism  is  not  thought  to  be  operable  at 
microwave  frequ-ndes  either.  It  can  thus  be  concluded  that  electronic  polarization  and  ionic 
vibration  are  not  important  loss  mechanisms  for  microwave  heating,  and  therefore,  microwave 
heating  does  not  influence  diffusion  by  altering  the  jump  frequency. 

The  second  way  by  which  the  diffusivity  might  be  altered  b  by  changing  the  correlation  factor. 
This  is  a  much  more  plausible  way  of  causing  an  alteration  in  the  diffusivity  when  considering 
the  remaining  loss  mechanisms.  Ion  jump  relaxation  in  a  crystalline  ceramic  occurs  when  an 
aliovalent  ion  and  vacancy  form  an  assodated  pair.  (An  aliovalent  ion  is  an  impurity  cation  or 
anion  with  a  valence  different  from  that  of  its  host  sublattice.)  An  aliovalent  ion-vacancy  pair 
has  a  dipole  moment  assodated  with  it  which  responds  to  the  applied  electric  field.  The 
vacancy  is  thought  to  jump  around  the  aliovalent  ion  to  align  its  dipole  moment  with  the 
electric  fieldl®!.  Interfadal  polarization  occurs  at  a  structural  inhomogeneity  such  as  a  grain 
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boundary,  dislocation,  or  vacancy  cluster.  In  an  ionic  lattice  there  will  be  a  localized  disruption 
in  electroneutrality  at  such  a  structural  inhomogeneity  with  a  net  dipole  moment  which  will 
align  itself  with  the  applied  field. 

An  example  of  ion  jump  relaxation  might  occur  due  to  the  solution  of  impurity  CaCb  in  a  KCl 
lattice  as  follows; 

CaCh - >  CaK  +  Vk  +  2Cla  (2) 

«  f 

Where  CaK  is  a  calcium  ion  on  a  potassium  ion  site  with  a  1  net  charge  and  Vk  is  a 
vacancy  on  a  potassium  ion  site  with  a  -1  net  charge.  For  reasons  of  electroneutrality  the 
calcium  ions  and  the  vacancies  form  pairs  which  have  a  net  dipole  moment.  This  situation  is 
illustrated  in  Fig.  1.  For  the  case  of  no  applied  electric  field  the  dipoles  are  randomly  oriented. 
Figure  2  illustrates  the  situation  after  the  electric  Held  has  been  applied.  The  dipole  pairs  are 
aligned  in  the  direction  of  the  electric  field. 


OdOOOOO 

o©o©ooo 


OQOOOneO 

o©oooooo 


No  Electric  Field 


Fgure  1.  Schematic  representation  of  vacancy-impurity  pairs  with  random  orientations. 

Ion  jump  relaxation  can  also  result'  from  the  formation  of  intrinsic  Schottky  or  Frenkel  pairs. 
An  example  for  the  ease  of  Schottky  pairs  in  alumina  is  as  follows; 


nuU  -  Vaj"  '  +  1.5Vo  ' 
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»  »  * 

Where  Vai  is  an  aluminum  ion  vacancy  with  *3  net  charge  and  Vq  ^  an  oxygen  ion 
vacancy  mth  a  -t-l  net  charge.  Each  aluminum  ion  would  associate  with  an  average  one  and  a 
half  oxygen  ion  vacancies  to  form  a  dipole.  The  loss  tangent  of  Coors  AD-99S  alummal^l  is 
reproduced  in  Fig.  3.  The  loss  is  seen  to  increase  exponentially  with  temperature.  This 
behavior  can  be  explained  by  extrinsic  defects  in  the  linear  region  of  the  curve  and  the 
formation  of  intrinsic  Schottky  type  defects  in  the  exponential  re^onl^*^l 


Electric  Field 


Figure  2.  Schematic  representation  of  vacancy-impurity'  pairs  aligned  with  the  applied 
electric  field. 

Conduction  is  mostly  of  interest  at  low  frequencies.  This  type  of  loss  mechanism  occurs  when 
vacancies  are  not  associated  with  other  defects,  and  hence  are  not  localized.  Unassociated 
vacancies  are  much  more  mobile  than  associated  pairs  and  migrate  to  align  themselves  with 
the  electric  field. 

Since  both  intrinsic  vacancy  formation  and  lattice  jumps  are  thermally  activated  we  may 
express  them  by  Arrhenius  type  equations  as  follows: 


N  =  cxpf-GVkT) 

(4) 

w  «  i/cxpf-Gn'/kT) 

(5) 

Where  and  O'"  arc  the  Gibbs  Free  Energies  for  vacancy  formation  and  motion 
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respectively  and  v  is  the  Debye  frequency*.  Equations  1,  4  and  5  may  be  combined  to 
produce  the  following  equation; 


D  -/Ao^vexp-KG'+C")/*!] 


(6) 


Figure  3.  Loss  tangent  of  Coors  AD-995  alumina  as  a  function  of  temperature  at  35  and 
3  J  GHz.  From  reference  6. 


*ni«  effect  of  in  ion  resonancr.  loss  mechanism  would  be  lo  replace  the  Debye  frequency  with  a  lower  primary 
lattice  vibration  frequency.  The  lower  frequency  would  result  in  a  decrease  in  the  jump  frequency  (as  calculated 
from  equation  S)  and  a  commensurate  decrease  in  the  diffusiviiy.  Any  forced  oscillations  induced  by  a  micrcm-.ive 
field  can  be  described  by  an  equation  of  the  type  used  for  a  damped  harmonic  oscillator  which  is  as  follows; 

♦  ifidx/dl  +  srx  »  0 

where  2B  is  the  damping  factor  and  1/  is  the  Debye  frequency.  The  solution  10  this  equation  is: 

X  ■  xoexp(-fir)con/  '  '  I 

where  the  new  primary  vibration  frequency,  u' '  “  (l/*  -  md  I/'  is  the  frequency  of  the 

forced  oscillation.  If  1/ '  <  i/,  then  . 
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The  Gibbs  Free  Energies  may  be  expressed  in  terms  of  the  enthalpies  (H^  H*")  and  the 
entropies  (S^iS™)  for  formation  and  motion  as  follows: 


G'  -  rf  -  TSf 

(7) 

G®  «  H™  -  TS" 

(8) 

Substituting  equations  7  and  8  into  equation  6,  we  obtain  the  following  equation  for  the  case  of 
intrinsic  vacancy  concentration  controlling: 


D  -  /Ao»t/cxp(S7k  +  S'"A)cxp-{(Hf+H'")AT] 


(9) 


For  the  case  where  extrinsic  vacancy  concentration  controls,  the  concentration  of  vacancies,  N, 
is  as  follows: 


N  -  [G1 


(10) 


Where  [Q]  is  the  concentration  of  impurity  ions.  Equations  1,  5  and  10  may  be  combined  to 
produce  the  following  equation: 


D  -/Ao»lC,J*/cxp(S"’A)cxp-(H'"/*T) 


(11, 


Smce  the  diffusivity  has  been  shown  on  numerous  occasions  to  be  thermally  activated  we  may 
express  the  diffusivity  by  an  Arrhenius  type  equations  as  follows: 


D  ■  Doexp(-QAT) 


(12) 


Where  Do  is  the  pre-exponential  factor  and  O  b  the  activation  energy  for  diffusion.  By 
comparing  equations  9  and  12,  we  see  that  the  pre-exponential  factor  can  be  expres.scd  as 
follows  for  the  intrinsic  case: 


Do  -/AoVexpfS'A+S'"/*) 


(13) 


and  for  the  extrinsic  case  comparing  equations  11  and  12, 
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Do  -/Ao2[C,]*'Cxp{S"’A) 


(14) 


Similarly  the  activation  energy  for  diffusion  is  the  sum  of  the  enthalpies  for  vacancy  formation 
and  motion. 


Q  -  Hf+H"  (15) 

The  model  of  the  ion  jump  relaxation  loss  mechanism  involves  a  vacancy  jumping  around  the 
aliovalent  ion  to  align  its  dipole  moment  with  the  electric  field.  Clearly  such  a  loss  mechanism 
would  involve  a  change  m  the  correlation  factor.  Similarly,  the  interfacial  polarization  loss 
mechanism  would  alter  the  correlation  factor.  Conversely,  these  two  loss  mechanisms  do  not 
involve  any  enthalpy  changes,  therefore,  any  alteration  to  the  diffiisivity  wo;  ’  J  result  from 
changes  in  'Do*  the  pre-exponential  factor,  rather  than  to  the  activation  energy  for  diffusion. 

EXPERIMENTAL 


Some  preliminary  experiments  have  been  performed  using  the  alumina(Al2C)3)- 
chromia(Cr203)  system.  This  system  was  chosen  for  two  reasons.  First,  the  alumina-chromia 
system  is  ideal,  and  therefore,  as  will  be  shown  later,  the  comparison  of  chemical  and  tracer 
diffusivities  is  much  easier.  Second,  this  system  is  something  of  a  model  system  in  the  field  of 
ceramics  and  much  information  is  available  on  it  including  diffusion  data  from  studies  by  Oishi 
and  Kingery,(**l  and  by  Stubican  and  Osenbachl'^I  among  others. 

In  the  alumina  (or  Corundum)  crystal  structure,  the  oxygen  ions  reside  in  a  close  packed 
hexagonal  lattice  and  the  smaller  aluminum  ions  occupy  2/3  of  the  octahedral  interstices. 
Since  the  alumina-chromia  system  is  'ideal*,  it  exhibits  complete  solid-state  solubility  with 
chromium  ions  substituting  for  aluminum  ions  on  octahedral  interstitial  sites. 

• 

The  alumina  used  in  this  work  was  Sumitomo  grade  AKP-50  .  The  diffusion  couples  were 
prepared  by  conventionally  sintering  green  alumina  pellets  in  air  to  full  density  to  produce  1 
cm  X  1  cm  right  circular  cylinders.  Chromia  was  then  plasma  sprayed  onto  the  top  surface  of 
the  cylinders.  The  as-sprayed  layer  was  about  30  microns  in  thickness  and  relatively  uniform. 


The  microwave  annealing  was  performed  under  flowing  argon  in  a  facility  consisting  of  a  2.45 
GHz,  6  kilowatt  microwave  power  supply  and  a  cubic,  2  ft  on  side  resonant  cavity. 


Temperature  was  measured  with  an  Accufiber  Model  100  Multi-Channel  Optical  Fiber 
Thermometer^.  The  diffusion  couples  were  enclosed  in  a  low  density  insulation  casket  made 
from  yttria  stabilized  zirconia  board  supplied  by  Zicar^.  The  insulation  casket  comprises  a 


black  body  so  temperature  measurements  could  be  made  using  an  uncoated  optical  fiber. 


Sumitomo  Chemical  Company,  Ltd.,  O.saka,  Japan. 


®  Accufiber,  Inc.,  Beverton,  OR. 
f  Zircar  Products,  Inc.,  Florida,  NY. 
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RESULTS  AND  DISCUSSION 


The  concentration  versus  distance  profile  for  an  alun  ;~cliromia  diffusion  couple,  which  has 
been  microwave  annealed  at  1750*C  for  twenty  mini  t,  was  obtained  by  microprobc  analysis 
and  is  presented  in  Ftg.  4. 


Fgure  4.  Cation  concentration  '  profile  for  a  chromia- alumina  diffusion  couple 
mkrowave  heated  to  17^*  C  and  held  for  twenty  minutes. 

Boundary  conditions  were  satisfied  for  a  Boltzmann-Matanol*^>'^l  diffusion  analysis.  This  type 
of  analysis  yields  the  interdiffusivity  which  was  defined  by  Darkenl^^l  as  follows: 


D  ■  D<>K</  +  Dy4/Ncr  (16) 

where  Dyti  and  Do  are  the  chemical  diffusivities  and  N/i/  and  No  are  the  mole  fractions  of 
aluminum  and  chromium  respectively.  The  interdiffusivities  for  N/i;=No’'0J0  obtamed  in 
this  study  are  presented  in  Figure  5. 

The  data  available  in  the  literature  for  aluminum  and  chromium  ion  diffusion  in  alumina  are 
for  tracer  diffusivities.  The  interdiffusivity  is  related  to  the  more  familiar  tracer  diffusivity  as 
follows.  First  we  defme  the  relationship  between  the  chemical  and  tracer  diffusivity  after 
DarkenU^l: 
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Do  •  D  o{l  +  dkk^cr/<Raiicr) 


(17) 


where  D  cr  is  the  tracer  difiusivity  and  "^cr  is  the  activity  coemdent  of  chromium  in  the 
alumina-chromia  system.  Since  the  alumina-chromia  system  is  ideal,  ^ai  =  '^Cr  =  1,  and 
therefore,  In  "^At  '  In  "^o  *  0,  and  equation  16  simplifies  to: 

D  -  D*oN,«  +  D^/No  (18) 


Temperature  “c 
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Figure  5.  Calculated  and  measured  mterdiffusivities  for  the  alumina-chromia  system. 

We  may  now  calculate  the  interdiffusivity  for  the  alumina-chromia  system  at  N.<;«No=0.50 
using  data  from  Oishi  and  Kingery,  and  from  Stubican  and  Osenbach.  This  data  is  indicated  by 
the  dashed  line  in  Fig.  5.  Two  interdiffusiviiies  obtained  to  date  in  this  study,  appear  to  lie  on  a 
line  parallel  to  the  interdiffusivity  calculated  from  the  literature.  The  interdiffusivities 
measured  in  this  study  are  approdmatcly  three  times  that  of  the  literature  values.  Since  the 
two  lines  are  parallel  the  activation  energy  for  diffusion  is  the  same,  the  pre-exp-onential  is 
greater  for  the  microwave  case  by  a  factor  of  tm  ee. 
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In  the  unlikely  event  that  vacancy  defects  are  intrinsically  controlled  (i.e^  Schottky  defects 
dominate)  the  observed  enhancement  is  due  to  a  correlation  effect.  For  extrinsic  defects 
dominating,  the  observed  enhancement  simply  means  the  concentration  of  extrinsic  defects  is 
three  times  higher. 

While  this  preliminary  data  seems  to  indicate  that  a  microwave  field  does  not  lead  to  an 
enhancement  in  diffusion  it  is  by  no  means  conclusive.  One  major  criticism  involves  the  use  of 
a  susceptor  to  heat  the  high  purity  alumina,  which  has  a  very  low  dielectric  loss  at  room 
temperature,  to  a  temperature  where  it  will  couple  to  the  miaowave  field.  Because  of  the  use 
of  a  susceptor  it  is  not  certain  how  much  of  the  heating  was  due  to  the  microwave  field.  For 
future  experiments  a  hybrid  microwave-electric  resistance  furnace  will  be  constructed.  Using 
this  furnace  a  diffusion  couple  could  be  heated  conventionally  by  electric  resistance  elements 
to  a  temperature  at  which  it  couples  to  microwaves  and  then  the  resistance  elements  would  be 
turned  off. 

CONCLUSIONS 

Relaxation  type  loss  mechanisms  are  thought  to  be  operable  during  microwave  heating  of 
crystalline  ceramics.  These  loss  mechanisms  will  influence  the  correlation  factor  for  diffusion. 
To  estimate  the  magnitude  of  the  change  to  the  diffusivity,  the  correlation  factor  must  be 
recalculated.  It  should  be  noted,  however,  that  the  correlation  factor  usually  has  a  small  effect 
on  the  diffusivity,  less  than  an  order  of  magnitude.  Any  alteration  to  the  correlation  factor 
would  show  up  as  a  change  in  the  pre-exponential  factor  of  the  diffusivity. 

In  order  for  resonance  type  loss  mechanisms  to  occur,  unrealistically  high  damping  forces 
would  have  to  be  present  because  of  the  large  difference  between  the  natural  lattice  vibration 
frequency  and  the  microwave  heating  frequencies.  For  this  reason  resonance  type  loss 
mechanbms  are  not  thought  to  occur  during  microwave  heating. 

The  experimental  results  reported  herein  show  a  small,  factor  of  3  increase  in  the 
interdiffusivity  of  microwave  annealed  samples.  The  observed  enhancement  was  minimal  and 
may  have  been  caused  by  an  increase  in  the  correlation  factor  as  a  result  of  a  relaxation  type 
loss  mechanism.  A  more  plausible  explanation  for  the  observed  increase  in  interdiffusivity, 
however,  b  a  higher  concentration  of  extrinsic  defects  in  the  diffusion  couples  used  in  this 
study  then  in  those  used  by  Obhi  and  Kingery  and  by  Stubican  and  Osenbach. 
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ACTIVATION  ENERGIES  FOR  THE  DIELECTRIC  LOSS  FACTOR/ 
AC  CONDUCnVTTY  OF  SOME  POLYCRYSTALLINE  CERAMICS 


Ralph  W.  Bruce,  Electrical  Engineering  Department,  MS  14B,  United  States 
Naval  Academy,  Annapolis,  MD  21402-5000 


ABSTRACT 

By  analyzing  the  temperature  dependence  of  the  dielectric  lofs  factor/ AC 
conductivity,  the  activation  energy  can  be  determined.  Analyses  will  be 
presented  based  upon  material  type,  %  of  the  major  phase,  density  and 
frequency.  Trends  in  the  materitil's  behavior,  when  placed  in  a  microwave 
field,  can  be  determined  firom  these  analyses.  Additionally,  firom  the 
determination  of  the  temperature  at  which  a  material’s  AC  conductivity  begins 
to  change  rapidly,  the  onset  of  a  material's  change  in  phase  may  be  indicated, 
e.g.,  the  onset  of  sintering.  In  particular,  it  has  been  determined  that  the 
dielectric  loss  constant  of  AI2O3  has  two  activation  energies,  one  in  the  range 
of  .16  to  1.15  Kcal/mole  for  low  temperatures  ( <  700“C)  and  one  in  the  range 
of  9.22  to  692  Kcal/mole  for  high  temperatures  (>  700®C)  at  a  frequency  of 
3.5  GHz  and  samples  from  85%  to  100%  AljOj. 

INTRODUCTION 

Various  authors  have  referred  to  the  activation  energies  of  the  electrical 
conductivity  of  ceramic  systems  that  can  be  sintered  in  a  microwave  furnace 
{1-3].  In  reviewing  these  comments,  the  question  arises  whether  or  not  the 
use  of  an  activation  energy  (E^)  model  could  adequately  represent  the 
electrical  dynamics  of  a  ceramic  during  sintering.  In  knowing  something  about 
the  E^'s  of  a  material,  some  relation  could  be  developed  that  would  predict 
how  the  material  would  behave  in  the  presence  of  a  strong  miaowave  field. 
The  purpose  of  this  paper  is  to  therefore  look  at  the  activation  energies  of 
some  polycrystalline  alumina  and  describe  the  resulting  trends.  In  this  way, 
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it  is  hoped  that  a  better  theoretical  understanding  could  be  achieved  about 
the  interaction  of  ceramics  with  strong  microwave  fields  while  at  high 
temperatures. 

To  accomplish  this  objective,  the  equation  relating  the  interaction  of 
microwaves  with  materi^  is  stated  and  secondly,  data  from  known  sources 
on  the  dielectric  behavior  of  ceramics  as  a  function  of  temperature  are 
presented.  From  these  data  are  derived  the  activation  energies  of  the 
materials  which  are  then  interpreted. 

MICROWAVE-MATERIAL  INTERACTIONS 


The  basic  reason  for  the  current  interest  in  microwave-material  interactions 
is  the  energy  absorption  that  occurs  when  a  material  is  placed  into  a  strong 
electromagnetic  field  at  microwave  frequencies  (300  Mhz  to  30  Ghz).  It  is  the 
resulting  temperature  rise  that  is  being  exploited  to  bring  the  ceramic  material 
to  the  temperature  at  which  it  will  sinter.  This  temperature  rise  (AT)  can  be 
expressed  as  a  function  of  the  power  absorbed  (P,b»)»  of  exposure  to 

the  microwave  energy  (At),  the  density  of  material  (p)  and  the  specific  heat 
(Cp)  by  the  following  equation  [4]: 


AT 


(1) 


The  power  absorbed,  is  related  to  the  dielectric  properties  of  the 
material  (the  relative  dielectric  constant,  e,',  and  the  effective  dielectric  loss 
factor  ,  fj^"),  the  frequency  of  the  incident  microwave  energy  (f  in  Hz),  the 
permittivity  of  free  space  (Pq  =  8.854  x  lO"”  F/m),  the  internal  electric  field 
strength  (E  in  Volts/m),  and  the  volume  of  the  material  (V  in  m^)  by  [5]: 


2«/eo€^|£|»K 


(2) 


This  relationship  holds  under  the  assumptions  of  an  incident  uniform  plane 
wave  and  for  a  constant  E  field  within  the  volume  of  the  material.  It  is  the 
effective  dielectric  loss  factor  that  is  of  most  interest  in  the  present 
discussion.  This  parameter  is  comprised  of  several  factors  having  to  do  with 
various  electrical  relaxation  mechanisms  in  solids.  It  is  expressed  as  [5]: 
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Where: 


^Mw"*  Maxwell-Wagner  interfacial  polarization  loss 
This  phenomena  is  normally  noted  in  heterogen¬ 
eous  materials 

fj":  Dipolar  losses  which  are  usually  encountered 

in  the  microwave  region  of  the  frequency  band 
6":  Ionic  losses  which  are  usually  encountered  in 

InfraRed  portion  of  the  frequency  band 
f,":  Electronic  polarization  losses  which  are 

encountered  in  the  optical  region  of  the 
frequency  band 

cr.  The  DC  electrical  conductivity  of  the  material 
which  is  temperature  and  material  dependent. 

Finally,  the  AC  (alternating  current  as  compared  to  the  DC-direct  current) 
conductivity  is  that  portion  of  Equation  2  given  as: 

Oac  *  (4) 

It  is  this  conductivity,  comprised  of  several  factors,  that  is  the  focus  of  the 
present  study. 

ACTIVATION  ENERGY 


Figure  1.  Plot  of  versus  Temperature  at  3.55  GHz  [7] 
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Table  1.  Values  for  e,’,  e^",  0X0  In(oAc)*  1/^”  versus  Temperature  (T)  for 
General  Electric  Alumina  A-923  (97%)  at  3^5  GHz  [7] 


Temp. 

(»K) 

«enr; 

(xl0») 

^AC 

(mS/m) 

ln(oxc) 

1/T 

(1/TC  xlO^) 

298 

931 

3.63 

.717 

-7340 

3355 

372 

9.41 

3.95 

.781 

-7.156 

2.688 

457 

938 

5.08 

1.003 

-6.905 

2.188 

554 

9.72 

6.80 

1344 

-6.612 

1.805 

629 

9.84 

8.86 

1.749 

-6349 

1390 

703 

9.96 

11.16 

2.203 

-6.118 

1.422 

835 

10.17 

1637 

3.214 

-5.740 

1.198 

978 

10.42 

22.40 

4.424 

-5.421 

1.022 

1073 

10.63 

28.17 

5.563 

-5.192 

.932 

1176 

10.86 

35.84 

7.078 

-4.951 

.850 

1246 

10.98 

43.92 

8.674 

-4.747 

.803 

1298 

11.17 

50.27 

9.927 

-4.612 

.770 

1323 

11.22 

56.10 

11.079 

4.503 

.756 

1382 

1138 

6838 

13.485 

4306 

.724 

1405 

11.41 

114.10 

22334 

-3.793 

.712 

By  plotting  the  natural  logarithm  of  oxc  versus  the  inverse  temperature  (1/T), 
the  activation  energies  of  the  materials  can  be  derived  and  compared  as  a 
function  of  %  of  the  major  phase.  The  AC  conductivity  is  derived  from  the 
data  for  the  dielectric  loss  factor  (Eeff")  using  Equation  4.  Data  for  dielectric 
loss  factor,  the  AC  conductivity,  its'  natural  logarithm,  the  temperature  (T) 
and  the  inverse  temperature  (1/T)  for  Alumina*  is  given  in  Table  1.  T^e 
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Figure  2:  Plot  of  Info^c)  versus  10*/T 
for  General  Electric  Aiumina  A-923  (97%) 

plot  of  versus  temperature  is  given  in  Figure  1.  This  graph  sho\»^  the 
typical  exponential  increase  that  is  common  to  oxide  ceramics.  Above  973  K, 
the  very  sharp  increase  in  depicts  what  has  been  termed  "thermal 
runaway".  The  plot  of  In(oxc)  vs  1/T  is  given  in  Figure  2.  From  this  graph, 
it  can  be  seen  that  there  are  two  linear  segments,  designated  the  High- 
Temperature  Region  (HTR)  and  the  Low-Temperature  Region  (LTT.^ 
indicating  two  activation  processes.  Using  the  following  equation  an 
standard  techniques  for  determining  activation  energies,  the  for  the  LTR 
is  51  Kcal/mole  and  31.99  Kcal/mole  for  the  HTR  [6]. 

EJ^  -  -KSLOPE)  (5) 

k  is  Boltzman's  constant  and  SLOPE  is  the  slope  of  the  line.  The  lowest 
three  temperature  values  were  used  to  calculate  E^  for  the  LTR  and  the  three 
highest  values  for  the  HTR.  This  analysis  was  extended  to  look  at  the  E^'s 
of  a  number  of  other  aluminas  from  a  number  of  manufacturers.  These  data 
are  given  in  Table  2. 

DISCUSSION 

In  reviewing  the  data  form  Table  2,  it  quite  obvious  that  the  E/s  do  not 
follow  a  set  pattern  though  some  general  conunents  can  be  made.  As  ail  these 
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Upper  limit  for  temperature  measurement  (1400  °C)  reached,  thus  all  data  not  available. 
Data  shows  resonance  absorption  at  low  temperatures  thus  can  not  be  accurately  modelled. 


data  are  in  the  3.0  to  4.0  GHz,  frequency  effects  are  not  demonstrated.  Since 
density  and  are  generally  related,  the  discussion  will  be  limited  to  the 

^feAljOj.  This  %Al203  shows  a  trend  of  increasing  with  increasing  purity 
for  both  temperature  regions.  What  can  not  be  said,  specifically,  is  why  there 
is  such  variation  between  samples  of  the  same  purity  but  from  different 
sources.  In  general,  each  manufrcturer  adds  different  materials  to  affect  the 
sintering  rate.  As  these  specific  compositions  are  generally  proprietary, 
correlating  these  data  with  specific  sintering  aides  can  not  be  done  at  this 
time,  though  that  is  one  specific  goal  for  subsequent  study.  Additionally, 
microstnictural  effects  such  as  grain  size,  porosity,  etc.,  may  also  play  a  role. 
These  last  parameter  are  not  determinable  from  the  electri^  data 
published. 

One  limitation  of  this  data  is  that  the  tan  d  is  limited  to  a  practical  upper 
value  of  .01  due  to  the  accuracy  of  the  measuring  equipment  [8].  This 
restricts  the  upper  limit  of  temperatures  for  which  data  could  be  obtained 
especially  for  the  low  materials.  This  results  in  limiting  the  accuracy  of 
the  determination  of  the  activation  energy  for  these  materials.  Included  in  the 
data  in  Table  2  is  the  temperature  at  which  tan  6  equaled  .01  (in  most  cases). 
Like  the  E/s,  there  is  little  correlation  between  this  temperature  and  the  % 
purity. 

The  final  topic  for  discussion  is  the  meaning  of  the  existence  of  E/s  for  the 
two  temperature  regions.  According  to  most  discussions  in  this  area,  the  E^ 
for  the  LTR  is  due  to  dipolar  losses  [9],  But  as  the  temperature  rises,  the 
conductivity  of  the  material  increases  significantly  due  to  dipolar  relaxation 
losses,  charge  transfer  and  a  broadening  of  the  infrared  absorption  spectra  [9]. 
These  would  account  for  this  very  large  increase  in  the  conductivity  though 
the  extent  of  each  contribution  is  not  easily  determined.  The  effects  of  charge 
transfer  can  be  differentiated  to  some  degree  by  looking  at  the  effects  of 
purity  for  a  given  manufacturer  upon  From  this  it  can  be  deduced  that 
this  large  increase  in  conductivity  is  directly  related  to  charge  transfers  which 
are  more  pronounced  in  materials  of  lesser  purity.  Additionally,  as  the  purity 
is  changed  by  adding  conductivity  modifiers  (i.e.,  sintering  aids),  so  is  the 
temperature  at  which  sintering  begins  to  occur.  It  could  therefore  be  said  that 
by  modifying  the  conductivity  in  known  ways,  a  convenient  sintering 
temperature  can  be  chosen. 

As  a  final  note,  the  modeling  of  the  AC  conductivity  would  be  based  upon 
two  separate  thermal  rate  equations  for  each  of  the  temperature  regions 
rather  than  just  one  as  has  been  indicated  in  previous  work  [1-3].  The  above 
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analysis  assumes  that  the  rate  equations  are  driven  by  Boltzman's  statistics 
which  give  rise  to  the  two  activation  energies.  More  recent  work  suggests  that 
traditional  Boltzman's  statistics  do  not  completely  hold  for  ceramic  materials 
at  high  temperatures  in  high  strength  microwave  fields  [10].  In  this  recent 
analysis,  nonlinear  effects  of  the  interaction  of  microwave  energy  with  lattice 
phonons  could  explain,  in  part,  the  very  rapid  increase  in  temperature  seen 
during  microwave  sintering.  Whether  or  not  this  new  view  or  a  more 
traditional  approach  is  the  most  appropriate,  the  modeling  of  this  sintering 
process  is  not  easily  accomplished. 

CONCLUSION 

By  looking  at  the  E^’s  of  polycrystalline  ceramics,  two  temperature  regions 
dkectly  related  to  dipolar  relaxation  in  the  lower  region  and  dipolar 
relaxation,  charge  transfer  and  infrared  spectra  broadening  in  the  upper 
region  are  evident  A  fiirther  study  relating  specific  sintering  aides  to  each  of 
the  activation  energies  would  be  needed  to  pin  down  the  direct  contribution 
of  each  conductivity  mechanism  to  the  E^. 
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MICROWAVE  ENHANCED  PYROCHEM  CAL  REACTIONS  OF  PuOa, 
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ABSTRACT 

Experiments  in  the  high  level  cells  at  WSRC  have  established  that  PUO2 
has  an  extremely  high  absorption  factor  for  microwaves:  temperatures  in 
excess  of  lOOQoC  were  reached  in  less  than  5  minutes  with  a  multi  mode, 
2450  MHz,  600  watt,  microwave  oven.  In  other  microwave  heating 
experiments,  stoichiometric  compositions  of  Pu02-Up2were  prepared 
and  UaOgwas  reduced  to  U4O9. 

BACKGROUND 

A  strong  coupling  of  microwave  energy  with  uranium  oxide  was  reported 
by  Paul  A.  HaasHi-  Haas  observed  a  ‘glowing’  area  in  a  sample  of  UO3 
gel  spheres  being  microwave  dried  as  part  of  a  nuclear  fuel  preparation 
process.  Dry  UO3  did  not  heat,  but  U30g  and  UO2  heated  strongly  so 
Haas  deduced  that  the  UO3  was  reduced  by  traces  of  NH3  and  organic 
materials  remaining  in  the  gel  after  washing.. 

COUPLING  MICROWAVE  ENERGY  WITH  PUO2 

Experiments  in  the  high  level  cells  (HLC)  of  the  Savannah  River 
Laboratory  (SRL)  demonstrated  that  PUO2  had  an  extremely  high 
absorption  factor  for  microwaves. 

No*e;  This  paper  also  appears  in  Ceramic  Transactions  Vol.  23:  Nuclear  Waste  Management  IV. 
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The  experiments  were  performed  in  a  microwave  oven*  that  was 
remoted,  [2],  for  use  in  high  radiation  fields.  The  oven  had  a  nominal 
power  rating  of  600  watts.  A  17.6  gram  sample  of  PUO2  was  inserted  into 
a  cylindrical  MgO  crudWe,  .032  m  (1.25  in.)  OD  X  .025  m  (1.00  in.)  ID  X 
.0^  m  (2.5  in.)  length,  and  the  crucible  was  mounted  in  a  block  of  fused 
quartz  foam  insulation.  The  sample  was  run  at  a  microwave  power 
setting  of  100  percent.  The  sample  heated  rapidly  and  glowed  with  a 
cherry  red  color  in  less  than  3  minutes, Figure  1.  The  photograph  is  of 
poor  quality  due  to  its  being  taken  behind  4  ft  of  lead  glass  shielding  in 
the  SRL  high  level  cells. 


Fig.  1  Plutonium  dioxide  heating  in  a  microwave  oven. 

The  power  was  turned  off  to  prevent  damage  to  the  microwave  oven, 
since  for  this  first  experiment,  a  cover  of  insulation  had  not  been  placed 
over  the  MgO  cruciWe.  The  experiment  was  repeated  two  more  times  and 
gave  the  same  result.  The  sample  was  located  near  the  center  of  the 
microwave  cavity  but  was  insensitive  to  position  because  of  the  small 
amount  of  power  absorbed. 

*  Model  MDS-81,  OEM  Corp.,  Matthews,  N.C.  281205 
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One  can  calculate  the  microwave  power  absorbed,  ,  by  the  PUO2 
using  the  expression: 

P^  =  CpKmfr^-T,)m/t  (1) 

where  Cp  is  the  specific  heat ,  K  is  the  conversion  factor  from  calories  to 
watts,  so  K  =  4.184  joules/cal,  Tj  and  Tj  are  the  initial  an  final 
temperatures  in  degrees  centigrade,  m,  is  the  sample  mass  in  grams 
arxJ,  t ,  the  time  in  seconds  required  to  heat  the  sample  from  Tj  to  . 

Using  equation  (1),  the  power  absorbed  by  the  17.6  grams  of  PuOg  in 
going  from  room  temperature  to  1000  ®  C,  in  200  seconds,  is  about  25 
watts,  >where  Cpfor  PuOg.  13] ,  is  0.C'=511  at  23°  C  and  0.0810  at  1000  oC. 
Hence,  assuming  the  majority  of  pcrvi'  delivered  to  the  microwave 
cavity  is  absorbed  by  the  sample  and  the  heat  transfer  within  the  sample 
is  good,  one  should  be  able  to  rapidly  heat  kilogram  quantities  of 
plutonium  oxide  to  1000  °C  with  a  2  kilowatt  microwave  power  source. 

FORMING  PuOg-UOg  SOLID  SOLUTION 

In  a  second  HLC  experiment,  17.6  grams  of  UO2  was  added  to  the  17.6 
grams  of  Pu02in  the  MgO  crucible  and  the  mixture  stirred  thoroughly. 
The  MgO  crucible  was  fit  snugly  into  a  cylindrical  hole  in  a  fused  quartz 
foam  insulation  block  and  a  second  fused  quartz  foam  insulation  block, 
with  a  cylindrical  hole,  was  fit  snugly  over  the  top  of  the  crucible. 

The  assembly  was  inserted  in  the  microwave  oven  and  heated  at  a 
power  setting  of  100  percent  for  30  minutes.  At  the  completion  of  the 
experiment,  it  was  discovered  that  the  top  and  bottom  insulation  Wocks 
had  melted  next  to  the  MgO  crucible  and  fused  to  it;  indicating  that  the 
crucible  temperature  had  reached  a  minimum  of  1600  °C  arxJ  probably 
much  higher.  The  PUO2-UO2  mixture  appeared  to  be  a  sintered  mass  in 
the  bottom  of  the  crucible.  Figure  2  .  Scanning  electron  microscopo 
(SEM)  analysis  in  the  SRL  ’Contained’  SEM  and  x-ray  diffraction 
confirmed  the  formation  of  a  one  to  one  solid  solution  between 
PUO2  arxl  UO2 . 
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Chikalla’s  phase  diagram.  [4] .  of  the  system  PuOa-UOg  indicates  that  the 
solid  to  liquid  transition  temperature  for  a  one  to  one  solid  solution  is 
2600  °C.  The  melting  point  of  PUO2  is  near  2300  °C  and  the  melting 
point  of  UO2  near  2700  ®C. 


Fig.  2  Microwave  sintered  Pu02-U02  in  MgO  crucible.  Note  the  space 
adjacent  to  the  crucible  where  the  insulation  melted  away. 


MICROWAVE  REDUCTION  OF  UgOgTO  U4O9 

A  3.36  gram  sample  of  'depleted'  UgOg  powder  was  heated  in  a  600 
watt,  miaowave  oven*  for  30  minutes  at  100%  power.  The  sample  was 
contained  in  a  0.016  m  (0.625  in.)  OD  X  0.010  m  (0.375  in.)  ID  X  0.051  m 
(2.00  in.)  length  boron  nitride,  BN,  crucible. 

The  BN  crucible  and  cover  was  contained  in  a  0.032  m  ( 1 .25  in.)  OD  X 
0.025  m  (1.00  in.)  ID  X  0.064  m  (2.5  in.)  length  MgO  cylindrical  crucible. 
The  MgO  crucible  was  fit  snugly  into  a  cylindrical  hole  in  a  block  of  fused 
quartz  foam  insulation.  A  fused  quartz  foam  cover  was  also  fit  snugly  on 
top  of  the  MgO  crucible. 

•  Model  RMS- 150,  Floyd  Inc..  Lake  Wylie.  S.  C..  29710 
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The  three  walled  corrtairvnent  was  designed  to  keep  the  fused  quartz 
foam  insulation  from  melting. 

Boron  nitride  was  selected  because  it  is  transparent  to  miaowaves  and 
sublimes  at  3000  °C.  The  sample  was  small  because  only  a  .016  m 
diameter  rod  of  BN  was  available  to  fabricate  the  BN  crucible. 

Scanning  electron  micrographs  were  taken  of  the  sample  after 
microwave  heating.  The  grain  boundary  structure,  Figure  3,  showed  that 
the  U3OS  povirder  had  sintered. 


Fig.  3.  SEM  back  scattered  electron  image  of,  U4O9  , 
microwave  sintered  from  UsOa  powder. 


X-ray  diffraction  patterns  of  the  sintered  material  showed  that  the 
structure  was  U^Og.  According  to  the  literature,  U3O0  begins  to 

decompose  at  13000  0  and  continues  to  decompose  with  irrcreasing 
temperature  until  it  becomes  UO2  which  then  melts  at  2700  oC.  Some 
melting  of  the  fused  quartz  foam  insulation  occurred  adjacent  to  the 
MgO  crucible  so  the  sample  reached  a  minimum  of  1600  “  C. 

It  was  also  noteworthy  that  such  a  small  quantity  of  material,  3.36  grams, 
was  adequate  to  develop  temperatures  in  the  neighborhood  of  1600 
and  higher  in  the  crucibles  and  insulation. 
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UNUSUAL  OBSERVATIONS 


Even  though  the  U3OB  powder  was  dry  in  the  experiment  described 
above,  the  lid  was  pushed  off  of  the  BN  crudble  and  a  small  amount  of 
oxide  escaped  when  the  microwave  power  was  first  turned  on.  The 
power  was  turned  off,  the  lid  placed  back  on  and  ttie  experiment 
continued  with  no  further  problems. 

To  investigate  the  cause  of  this  behavior,  thirty  grams  of  the  UaOg  stock 
powder,  from  which  the  above  sample  was  taken,  was  miaowave 
heated  in  an  alumina  crucible  for  one  minute  and  the  sample  obsenred 
through  the  microwave  oven  window. 

As  soon  as  the  microwave  power  was  turned  on,  particles  throughout  the 
povi/der  began  to  spark  arxJ  occasionally  light  up  like  tiny  arcs  or  flames 
and  some  fine  particles  on  the  sample  surface  became  airborne.  The 
‘start  up’  behavior  of  the  U3OS  powder  was  reproducible,  even  after  it 
was  heated  to  cherry  red,  in  less  than  3  minutes,  and  cooled  down. 

The  rapid  heating  may  be  a  kind  of  plasma  heating,  in  which  the  U3O8 
particles,  interacting  witii  tiie  microwaves,  discharge  small  ‘lightening 
bolts’. 

CONCLUSIONS 

The  strong  coupling  of  PUO2,  UO2,  and  UsOg  with  microwave  energy 
has  many  practical  applications  in  the  nuclear  industry.  Some  of  these 
applications  are  discussed  in  the  following  paragraphs. 

Remote  Operation  in  Nuclear  Pyrochemical  Facilities-Microwave 
technology  offers  the  potential  to  considerably  reduce  furnace  heating 
times:  to  ‘pipe’  microwaves  into  high  radiation  cells  and  glove  boxes  and 
thereby  greatly  simplify  equipment  maintenance;  to  reduce  facility  size 
and  nuclear  wastes  and  to  develop  new  and  more  efficient  chemical 
technology,  e.g.,  in  the  area  of  recovery  and  purification  of  plutonium. 

Microwave  Sintering  ofPu02  for  Space  Applications- PUO2  pellets,clad 
in  iridium,  are  the  heat  source  for  a  number  of  thermoelectric  generators 
in  spacecraft. 
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Pu02  is  produced  by  plutonium  oxalate  prectr'lution  and  calcination. 
PUO2  .with  a  larger  partide  size,  is  needed  to  ;»mplify  pellet  fabrication  , 
improve  safety  and  increase  the  power  density  of  the  pellets. 

Microwave  Heating  to  Produce  Nudear  Fuels  and  Other  Nuclear  Ailoys- 
Nudear  fuels  are  prepared  by  alloying  PuOa.  UO^,  or  U  sOg  with  the 
desired  material,  e.g.,  aluminum,  in  conventional  furnaces.  The  heat 
treatments  are  lengthy  and  require  remote  operation  of  electrical  and 
mechanical  equipment  that  is  large  and  maintenance-intensive. 

The  solution  chemistry  of  PUO2 ,  produced  by  “firing*  at  high  temperature, 
may  be  improved  by  alloying  it  with  UO2  as  shown  above. 

It  may  be  possible  to  heat  lossy  ceramics  located  in  outer  space  with 
microwaves  transmitted  from  the  earth  and  use  them  as  heat  sources  for 
thermolectric  devices  in  space  vehides. 
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RADIOFREQUENCY  SAFETY  ISSUES  IN  INDUSTRIAL 
HEATING  SYSTEMS 

Joho  M.  Osepchuk,  Raytheon  Research  Division, 

131  Spring  Street,  Lexington,  Massachusetts  02173 

ABSTRACT 

Potential  RF  haxards  for  industrial  heating 
systems  become  especially  noteworthy  as  microwave/RF 
power  in  the  realm  of  10' s  of  kilowatts  are  employed. 

A  review  of  the  RF  bioeffects  literature  and  safe 
exposure  and  emission  standards  is  presented. 

Techniques  for  suppression  of  RF  leakage  are  discussed. 
Thresholds  for  sensation,  pain  and  RF  burns, 
particularly  under  conditions  of  field  concentration, 
are  reviewed. 

INTRODUCTION 

The  use  of  electromagnetic  energy  in  the 
radiof reguency  range  of  the  spectrum  (0-3000  GHz)  for 
purposes  other  than  information  handling  has  spread 
slowly  from  power  frequencies  (25-400  Hz)  upward.  The 
startling  success^  of  the  microwave  oven  at  2.45  GHz 
has  led  to  an  explosion  of  activity.-  ranging  from  food 
processing  and  medical  applications  to  diamond  growing 
and  a  variety  of  ceramics  applications^.  Although 
ISM  (Industrial,  Scientific,  and  Medical)  applications 
exist^  at  a  broader  range  of  assigned  ISM  frequencies 
(see  Table  1),  most  activity  exists  at  2.45  GHz.  The 
frequencies,  5.8  GHz  and  higher,  are  relatively  unused, 
but  it  is  important  to  preserve  more  optimum 
alternative  frequencies  to  2.45  GHz. 
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Although  ISM  industrial  practices  are  somewhat 
standardized  (see  reference  texts^),  power  levels  up 
to  now  have  been  "high"  (many  kilowatts)  mostly  at 
non-microwave  frequencies.  There  are  some  very  high 
power  (>100  kW)  systems^  at  0.915  GHz,  but  at  2.45  GHz 
most  of  the  activity  is  exploratory  at  levels  less 
than  5  kw. 

In  time,  many  applications  will  go  to  high  power 
(25,  50,  100  kw  .  .  .)  for  better  process  efficiency 
and  economy.  In  addition,  there  are  some  signs^ 
(world-wide)  of  the  resurgence  of  the  Solar  Satellite 
Power  System  Concept,  where  gigawatts  of  microwave 
power  would  be  transferred  from  space  systems  to  earth. 


TAIt  1.  ffWjUtncy  Alocatiow  <w  KM  Applic»tioiH* 
Frequency,  MHi _ Region _ 


6.765-6.795 

13.553-13.567  i 
26.957-27.233 } 
40.66-40.70  ' 

433.05-434.79 

433.05-434.79 
902-928 
i40-2.50  X  10= 
5.725-5.875 
24.0-24.25 
61.0-61.5  1 
122-123  I 
244-246  > 


worldwide 


worldwide 

eelected  counti  ies  in 
Region  1' 
rest  of  Region  1' 
Region  2^ 
worldwide 
worldwide 
worldwide 

worldwide 


_ PBN.91-1026 

_ Conditions _ 

special  authorization  with  CCIR^  limits: 
both  in-band  and  out-of-band 

free  radiation  bands 

free  radiation  bands 

special  authorization  with  CCIR^  limits 

free  radiation  band 

free  radiation  band 

free  radiation  band 

free  radiation  band 

special  authorization  with  CCIR^  limits: 
both  in-band  and  out-of-band 


•  Ref.  13. 

*  CCIR  “  “International  Radio  Consultative  Committee”  of  the  International  Telecommunications  Union 
(ITU). 

'  Region  1  comprises  Europe  and  parts  of  Asia:  the  selected  countries  are  the  Federal  Republic  of  Germany, 
Austria,  Liechtenstein,  Portugal,  Switzerland,  and  Yugoslavia. 

^  Region  2  comprises  the  Western  hemisphere. 

RF  BIOEFFECTS  AND  HAZARDS 


Thousands  of  papers  on  RF  bioeffects,  most  in  the 
"microwave"  range,  have  been  published — most  of  them  in 
the  last  twenty  years.  Surveys  and  reviews®'^  of  this 
literature  show  that  RF  bioeffects  are  thermal  in 
nature.  Even  if  some  of  the  "non-thermal"  effects 
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exist,  they  play  a  significant  role  in  hazards  only  in 
the  presence  of  heating.  Radiof reguency  heating 
effects,  however,  may  not  always  be  equivalent  to  that 
from  other  forms  of  heating  because  of  the  greater 
penetration  of  RF  heating  and  heterogeneous  heating. 

There  are  subtle  aspects  of  thermal  damage^'^,  but 
we  will  concentrate  on  classical  burn  thresholds. 

The  temperature  of  biological  cell  death  is  where 
the  rate  of  protein  destruction  exceeds  the  rate  of 
repair  to  such  a  degree  that  cell  metabolism  fails. 

This  threshold  temperature  is  a  function  of  time  at 
temperature ,  and  is  best  estimated  from  the  classic 
work  of  Moritz  and  Henrigues^.  This  threshold  curve  is 
shown  in  Figure  1.  Cne  can  see  that  a  skin  temperature 
of  65”C  will  produce  a  burn  in  one  second,  but  a 
temperature  of  45®C  results  in  a  burn  only 
after  3  hours. 


Time  (Seconds) 

Fig.  1:  Threshold  Temperature  vs.  Time  at  Temperature  for 
Skin  Bums  (Moritz  and  Henriques) 

For  very  short  exposure  time  or  for  very  high 
frequencies  where  penetration  is  only  skin  deep,  it  may 
be  useful  to  employ  the  heating  equation  for  water 
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Note  that  the  ANSI  C95  parameter  of  0.4  w/kg 
corresponds  to  less  than  O.OOOl'C  per  second  rate  of 
temperature  rise.  (SAR  ■  specific  absorption  rate.) 

Burns  require  less  power  in  the  case  of  high 
frequency  radiation  (e.q.  >10  GHz)  where  absorption  is 
only  skin  deep  and  ener^^y  focusing  to  small  areas  is 
possible.  Above  300  GHz  the  safety  rules^  for  laser 
energy  absorption  applies,  where  a  few  joules  or  less 
can  result  in  burns  if  the  spot  is  small  enough.  In 
practice  RF  burns  are  most  likely  when  contact  with  a 
"hot"  conductor  or  aperture  is  made  by  the  human  body. 
Contact  or  quasi-contact  exposures  thus  present  more 
potential  hazard  than  "radiant"  exposure. 

The  estimates  of  contact  burn  threshold  come  from 
the  work  of  Rogers^®.  For  body  impedance  500  2,  the 
burn  threshold  corresponds  to  20  watts  dissipated  in  a 
few  seconds  in  a  volume  of  1  cc. 

If  the  energy  is  concentrated  at  a  point,  then 
burns  can  occur  with  absorbed  powers  as  low  as 
0.20  watts^^.  The  threshold  measured  above  0.25  GHz 


should  roughly  apply  at  lower  frequencies  as  well. 

Rogers^®  points  out  that  the  threshold  sensation 
for  low  frequency  currents  (<100  kHz)  is  variously 
described  as  "tingling  or  pricking"  (a  shock-like 
sensation.  Reference  S) ,  but  high  frequency  currents  at 
>100  kHz  produce  a  threshold  sensation  of  warmth. 

Thresholds  for  sensation,  pain,  and  burns  from 
contact  currents  have  been  detailed  in  the 
literature^®”^^ .  Thresholds  for  sensation  of 


discharges  between  a  conductor  and  the  body  are  also 
discussed^^ ' . 


Classical  studies'*'  show  that  at  frequencies  above 
10  GHz,  sensations  are  perceived  at  a  few  mW/cm^  in  a 


few  seconds,  but  at  2.45  GHz  sensation  is  perceived  at 
20-50  mVI/cm^  in  a  few  seconds.  Pain  is  perceived  when 
the  skin  temperature  exceeds  45®C^®.  Studies  at 


2.45  GHz  show  that  tissue  exposures  at  several 
hundred  mW/cm^  and  minutes  of  exposure,  are  required  to 
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heat  the  tissue  to  pain.  Above  10  GHz,  because 
absorption  is  superficial,  pain  will  occur  in  seconds. 

In  microwave  or  RF  diathermy,  it  is  said^^  that 
"the  pain  sensors  are  a  reliable  and  sensitive  means 
for  alerting  the  patient  to  an  unsafe  temperature." 

This  applies  where  heating  is  normally  maximum  near  the 
skin.  In  the  unusual  situation  of  a  focused  deep 
heating  spot,  this  rule  would  be  controverted.  This  is 
possible  in  some  cases^^  of  animal  heating  but  has  not 
been  reported  in  the  case  of  diathermy  or  hyperthermia. 
Thus  the  suggestion^®  that  it  is  possible  or  probable 
for  a  microwave  heating  injury  to  occur  without  pain  is 
not  well  founded. 

Little  data  on  sensation  and  pain  thresholds 
exists  below  2.45  GHz.  Protection  against  damage 
afforded  by  sensation  and  pain  may  be  reduced  at  lower 
frequencies^® . 

CAVEATS  ON  THERMAL  BASIS  FOR  INJURY 

Injury  from  microwave/RF  exposure  has  a  thermal 

basis  in  addition  to  deleterious  effects  from 

sensations,  for  example,  the  "startle"  effect.  One  new 

confirmed  microwave  effect  that  might  be  undesirable^^ 

21 

is  the  microwave  auditory  effect  .  For  short  pulses 
(<30  fjsec)  of  energy  at  frequencies  between  0.3  GHz  and 
3.0  GHz,  one  can  induce  in  some  animals  and  man  an 
auditory  sensation  if  the  energy  flux  density  exceeds 
0.04  mJ/cra^.  This  is  unlikely  to  happen  with  ordinary 
radar  pulses  without  exceeding  average  power  exposure 
limits . 

There  have  been  and  continue  to  be  reports  of 
"non-thermal"  effects  in  bioeffect  experiments^, 
sterilization^^,  and  more  recently  polymer 
processings^.  Up  to  now,  such  confirmed  effects  have 
eventually  been  found  associated  with  non-uniform 
heating.  It  remains  to  be  seen  if  there  are  effects 
associated  with  "micro-thermal"  principles^  ' 
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SAFETY  STANDARDS 


Safety  of  microwave  equipment  is  generally  assured 
by  an  emission  standard  such  as  that  imposed  on 
microwave  ovens^^  by  the  FDA — that  is,  5  mW/cm^  at  5  cm 
from  the  surface  of  the  oven.  The  primary  reference 
for  safety  is  the  exposure  standard.  In  this  country 
the  generally  applicable  standard  is  ANSI  C95. 1-1982. 

In  Figure  2  there  is  presented  a  capsule  guide  of  the 
proposed  revision^^,  depicting  maximum  exposure  levels 
(HPE).  The  reduction  of  averaging  time  at  frequencies 
above  10  GHz  is  necessary  to  prevent  skin  burns. 

^ZARDOUS  INTERFERENCE 

Actual  hazardous  aspects  of  ambient  microwave/RF 
radiation  derive  more  from  interference  phenomena^  or 
the  more  remote  possibility  of  sparking  °  and  ignition 
of  fires.  Sensitive  instrumentation,  without  shielding 
and  filtering,  can  suffer  interference  at  levels  as  low 
as  1  pW/cm^.  In  fact,  early  demand  pacemakers  were 
reported  to  be  inhibited  at  such  low  power  densities  by 
many  RF  sources.  Extensive  studies^^  by  the  Ait  Force 
have  shown  that  modern  pacemakers  which  incorporate 
shielding  and  filtering  are  unlikely^*^  to  suffer 
interference  even  at  10  mW/cm^. 

Some  new  issues  relate  to  pressure  for  spectrum 
sharing  with  communications  systems  and  the  possibility 
of  new  sources  of  hazardous  interference^^. 


HAZARDS  PECULIAR  TO  MICROWAVE  HEATING 


There  are  some  peculiar  hazards  related  to 
overheating  (time).  One  is  the  possibility  of 
superheating  in  small  objects.  As  shown  in  the 
literature^  ,  at  2.45  GHz  small  objects  approximating  a 
sphere  can  develop  peak  heating  in  the  center.  This 
can  lead  to  superheating  (above  boiling  point)  and  the 
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subsequent  release  of  energy  in  a  small  explosion^ 

This  can  be  demonstrated  with  a  small  beaker  of  water 

”100-200  ml  in  microwave  ovens  under  the  right 
33 

conditions  . 

This  phenomenon  is  illustrated  in  Figure  3  where 
spherical  phantoms  with  a  cloud  point  at  51®C  are 
heated  so  as  to  show  internal  hot  spots. 

LEAKAGE  SUPPRESSION 

In  order  to  minimize  personnel  exposure  and 
interference,  it  is  important  to  achieve  good  seals^^ 
in  the  microwave  power  apparatus  and  appropriately 
designed  screens  for  viewing  or  ventilation.  The 
proper  use  of  interlock  systems  on  all  doors  or  access 
apertures  becomes  increasingly  important  as  power 
levels  rise  into  the  tens  or  hundreds  of  kilowatts. 
Accidental  absorption  of  such  power  may  cause 
significant  injury  in  seconds.  Occasionally, 
introduction  of  glass  or  plastic  tubing  for  gas  or 
liquid  flow  is  done  by  creating  a  circular  hole  in  the 
oven  wall  and  then  attaching  a  metal  tube  with 


Fig.  3.  Samples  of  Phantom  Material  Heated  in  a  Microwave  Oven 

Sekusui  Glue  R-500  (water  and  polyvinyl  alcohol),  cloud  temperature  of  51  C 
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proper  gasketing.  If  the  tube  inner  diameter  is  well 
below  the  cut-off  dimension  for  the  fundamental 
waveguide  mode  (TEj^j^),  then  the  leakage  is  attenuated 
roughly  by  32  L/d  dB  at  2.45  GHz,  where  L  is  the  length 
of  the  tube  and  d  is  the  inner  diameter  of  the  tube. 

If  the  metal  tube  contains  a  plastic  tube  carrying  the 
liquid,  then  one  should  consult  the  literature^  for 
more  specific  design  information. 

ELECTROPHOBIA 

This  is  a  phenomenon  in  which  there  is  widespread 
fear  of  electromagnetic  fields. 

Science-based  standards  for  EM  fields  are  based  on 
presumed  thresholds  of  effects  and  hazards.  Recently, 
these  standards  have  been  attacked  by  a  provocative 
journalist  and  some  unwitting  allies  from  the 
engineering  community.  These  attacks  center  around 
uncritical  acceptance  of  recent  research  suggesting 
weak  field  effects  and  a  proposed  policy  of  "prudent 
avoidance . " 

The  restoration  of  a  rational  approach  to  EM 
fields  has  been  a  goal  of  various  organizations  like 
the  IEEE  Committee  on  Man  and  Radiation  (COMAR),  the 
International  Microwave  Power  Institute  (IMPI),  and  the 
Electromagnetic  Energy  Policy  Alliance  (EEPA). 

CONCLUSIONS 

Heating  of  personnel  during  brief  exposure 
(seconds)  to  microwave/RF  power  can  be  a  serious  hazard 
as  system  power  levels  increase  to  many  lO's  of 
kilowatts.  Protective  measures  include  use  of 
interlocks,  leakage  detectors,  and  personnel  training. 
Hazards  related  to  explosive  or  flammable  properties  of 
materials  being  processed  are  a  possibility  but 
difficult  to  generally  predict.  In  contrast  to  these 
real  hazards,  most  of  today's  public  concern  about 
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exposure  to  microwave/RF  energy  is  part  o£  an 
Electrophobia  for  which  public  education  is  the 
ultimate  antidote. 
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ABSTRACT 

Computational  techniques  and  numerical  modeling  are  expected  to  play  a  significant  role  in 
developing  the  area  of  microwave  sintering  of  ceramics.  There  is  no  doubt  that  before  the  full 
commercial  utilization  of  this  technology,  detailed  understanding  of  the  basic  nature  of  the 
microwave  interactions  with  materials  as  a  function  of  frequency,  geometry,  and  temperature  must 
be  developed.  Tradeoffs  between  the  use  of  single-  and  multi-mode  cavities  should  be  clearly 
imderatood  and  the  shapes  and  sizes  of  ceramic  samples  suitable  for  this  technology  must  be 
identified.  To  this  end,  numerical  techniques  may  help  in  a  wide  variety  of  ways  including 
modeling  realistic  sintering  experiments,  the  development  of  a  basic  understanding  of  the  physical 
and  geometrical  aspects  of  microwave  interactions  with  materials,  and  in  the  development  of  an 
expert  system  that  integrates  simulation  and  analysis  software  with  the  developing  human 
exper^  and  material  data  ba.se.  This  paper  describeis  roles  that  may  be  played  by  computational 
techniques  and  software  tools  in  the  area  of  sintering  of  ceramics.  In  particular,  a  simulation 
software  package  based  on  the  Finite-Difference  Time-Domain  (FDTD)  method  will  be  discussed. 
The  CAEME  (Computer  Applications  in  Electromagnetics  Education)  software  for  EM 
educationAraining  will  be  described  a;«l  the  advantages  of  developing  an  expert  software  system 
that  emulates  humans  by  logically  performing  tasks,  accessing  simulation  software,  and  by 
interfacing  with  dielectric  and  thermal  materials  data  bases  will  be  described.  Example  results  of 
simulated  sintering  experiments  in  single-mode  cavities  arc  also  presented. 

INTRODUCTION 

With  the  continued  interest  in  the  area  of  microwave  sintering  of  ceramics  and  the  continued 
publication  of  results  inferring  advantages  of  microwave  over  conventicnal  sintering,  there  has 
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been  a  signifleant  need  to  better  model  the  microwave  sintering  process  and  simulate  these 
interactions  in  a  realistic  fashion.  Modeling  a  microwave  sintering  process  in  a  single-  or  multi- 
mode  cavity  is  not  a  simple  task,  particularly  for  cases  where  insulation  is  used  to  contain  the  heat 
and  when  complex  sintering  arrangements  such  as  those  that  utilize  silicon  carbide  (SiC)  rods  to 
initiate  and/or  accelerate  the  heating  process.  Simple  models  and  one-  or  two-dimensional 
numerical  codes  are  often  useful  but  three-dimensional  models  and  solution  procedures  are  certainly 
needed  to  reasonably  and  accurately  model  realistic  sintering  experiments.  There  are  sever^ 
electromagnetics  techniques  that  may  be  used  in  3D  modeling  of  a  microwave  sintering  process. 
This  includes  techniques  based  on  an  integral  equation  formulation,  on  the  direct  solution  of 
Maxwell's  equations  in  differential  form,  and  on  the  utilization  of  vector  spherical  wave  expansions 
to  describe  the  fields  inside  and  outside  the  dielectric  object  (ceramic  sample  and  surrounding 
insulation).  Table  1  summarizes  the  basic  features  of  these  solution  procedures  and  outlines 
advantages  and  limitations  of  each  [1, 2]. 

Based  on  the  comparison  described  in  Table  1,  the  group  at  the  University  of  Utah  decided  to 
use  the  Finite-Difference  Time-Domain  (FDTD)  method  to  model  the  microwave  sintering  process 
in  a  single-mode  cavity.  The  following  section  describes  the  solution  procedure  and  presents  the 
models  used  and  some  of  the  obtained  results. 

In  addition  to  the  use  of  computational  techniques  to  simulate  sintering  processes,  these 
techniques,  when  used  in  an  education/training  mode,  can  provide  significant  insight  into  the 
fundamental  aspects  of  microwave  interactions  with  materials.  For  example,  FDTD  has  been  used 
to  demonstrate  wave  reflection/transmission  at  dielectric  interfaces  and  the  Finite-Difference  method 
has  been  used  to  calculate  electric  field  distribution  in  a  2D  parallel  plate  capacitor  with  a  dielectric 
object  of  arbitrary  dimensions  placed  between  the  plates  [3].  A  large  collection  of  software  has 
been  developed  by  the  NSF/EEEE  CAEME  Center  on  Computer  Applications  in  EM  Education. 
The  Center’s  objectives,  avenues  for  participation,  and  a  list  of  the  av^able  software  are  described 
as  is  a  brief  proposal  for  establishing  a  knowledge-based  system  [4]  for  microwave  processing  of 
ceramics.  Aspects  of  a  desirable  knowledge-based  system  for  microwave  sintering  are  summarized 
and  an  example  of  a  similar  system  recently  developed  by  the  Utah  group  for  electronic  package 
design  is  described. 

FINITE-DIFFERENCE  TIME-DOMAIN  MODELING  OF  MICROWAVE  SINTERING  IN  A 
SINGUE-MODE  CAVmr 

From  Table  1  it  may  be  seen  that  modeling  microwave  sintering  using  FDT 1 '  provides  the 
following  advantages: 

a.  The  technique  is  particularly  adequate  for  modeling  inhomogeneous  objects  which  is 
important  in  simulating  real  sintering  expieriments  involving  ceramic  samples 
surrounded  by  insulations  of  different  materials. 

b.  It  is  based  on  the  solution  of  Maxwell’s  equations  in  differential  form.  The  numerical 
solution  is  hence  localized  in  nature  and  the  resulting  matrix  is  sparse.  Such  a  matrix 
characteristic  is  attractive  from  the  parallel  processing  point  of  view  which  may  turn 
out  to  be  essential  in  modeling  of  large  samples  in  multi-mode  cavities. 
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Table  1.  Compaiuon  between  baaic  formulanon.  appbcability,  and  computadonal 
efficiency  oi  numencal  techniques  based  on  mtegral.  diffetenu^  and 
sphehcal  wave  expansion  iontnuianons. 


Integral  Operator 

DifTeren&al  Opentbr 

Spherical  Expansions 

Basic 

formulation 

Using  Green  s  function 

Directly  from  Maxwell's 
diffierennal  equation 

Multiple  '■  epan- 

sions  j  >re  used 

inside  -  aide  the 

dielecme  object 

Appucaoon 

Suitaole  for  interior  and 
extenor  boundary  value 
problems 

Suitaole  lor  mtenor  proo- 
tems  and  bounded  regions 
including  mhomogeneous 

Suitaole  tor  interior  ana 
exterior  boundary  value 
problems 

Special  effons  are  needed 
for  handling  inhomogeneous 
media 

Special  efforts  are  needed 
for  handling  extenor  and 
unbounded  teeions 

Special  effort  is  needed  near 
convex  sunaces 

C^omouianonai 

Efficiency 

The  r'  sumng  matrix  equa¬ 
tion  is  smaller  but  dense 

the  resulting  matiu  is  larger 
but  sparse 

Expansion  tunettons  are 
complete  and  procedure  uses 
much  fewer  (10-15%)  of  the 
number  of  terms  used  in 
integral  operator  techniques 

The  choice  of  the  appropn* 
ate  Green  s  function  may 
result  in  simficant  reduction 
in  matnx  siie 

Lends  itself  directly  to 
efficient  iterative  solution 
procedures 

Self-validation  is  yet  another 
attractive  feature  of  this 
technique 

Finite-difference  time-do¬ 
main  and  finite  element 
methods  -are  aitracuve  for 
parallel  comounne 

I  tme  ana  rfe- 
quency  domain 
SQiuaons 

Has  been  applied  tor  Doth, 
but  most  commonly  used  in 
frequency  domain 

Used  for  both  perfectly 
conducting  and  penetrable 
obiects 

Has  been  applied  for  com 
and  its  nmc-domain  soluoon 
is  gaming  popuJanty 

Used  for  both  dielecme  and 
co.iducsjvity  objects 

Frequency-domain  tech¬ 
nique  is  suitable  for  per¬ 
fectly  conducting  and  pene- 
mble  objects 

AodiCionai 

Chirac  tensacs 

highly  adaptaole  tor 
hybndization  with  other 
techniques  to  improve  its 
accuracy  and  numerical 
efficiency.  Examples 

include  hybridisation  with 
physical  opocs.  geometncaJ 
theory  of  diffracoon  and  the 
use  of  a  wide  vanety  of 
approaches  to  deal  with  edge 
singulanttes  and  to  handle 
elecmcallv  laree  obiects 

Some  etforts  need  to  be 
focused  on  ns  hybndizauon 
with  other  modal  expansion 
or  boundary  value  tech¬ 
niques  to  help  apply  it  to 
extenor  problems. 

EOcicni  tiroe-doniain  analy¬ 
sts  procedure  is  needed  to 
deal  with  dispersive 
dielecmcs 

The  expansions  used  near 
convex  boundaries  and 
within  an  artificial  spherical 
boundary  surrounding  the 
3D  objects  are  of  quesoon- 
able  accuracy,  although  in 
many  cases  provide  pracacai 
results 
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The  limitatioas  of  the  FDTD  procedure  are  often  associated  with  modeling  exterior  and 
open-space  type  problems,  such  as  those  of  scattering  by  perfectly  or  highly  conducting  objects. 
In  microwave  sintering  in  a  single-mode  cavity,  however,  the  calculadon  domain  is  well  defui^  by 
the  cavity  walls  and  neither  the  sample  nor  the  surrounding  insulation  is  perfectly  conducting  [S, 
6].  In  other  words,  the  questionable  accuracy  of  absorbing  boundaries  and  staircase-type  modeling 
of  the  FDTD  is  not  expected  to  play  a  role  in  our  present  application  [2]. 

Mathemadcal  fonnuladon  of  the  FDTD  is  based  on  the  finite-difference  representation  of  the 
time  and  spatial  derivatives  in  Maxwell's  equations  [7],  We,  like  others,  used  Yee's  cell  to 
systemadcaby  relate  the  various  electric  and  magnetic  field  components  at  different  time  steps.  In 
modeling  miaowave  sintering  experiments  in  single-mode  cavides,  we  initially  used  Model  1  of 
Figure  1  and  subsequendy  improved  the  calculations  by  utilmng  a  more  accurate  feed  model  as 


Figure  1.  A  model  of  microwave  sintering  experiment  in  a  single-mode  cavity.  Two 
rectangular  cavities  were  used  for  these  calculations.  An  X-band  cavity  of 
dimensions  2.286  x  1.016  x  1.524  cm^  and  TEjoj-mode  resonance  at  1 1.829 
GHz,  and  an  S-band  cavity  of  dimensions  9.144  x  4,064  x  8.128  cm^  and 
TEjoi-mode  resonance  at  2.45  GHz.  Insulated  sample  of  different  dimensions 
were  modeled. 

shown  in  Figure  2  [81.  In  Figure  1,  a  1  x  1  x  1  cm^  ceramic  sample  was  surrounded  by 
insulation  of  variable  thickness.  Rectangular  cavities  of  two  different  dimensions  were  used  to 
model  sintering  experiments  in  the  X  and  S  bands.  The  first  cavity  is  2.286  x  1.016  x  1.524 
cm^,  suitable  for  modeling  sintering  at  11.829  GHz  (TEjqj  mode),  while  the  other  is  9.144  x 

4.064  X  8.128  cm^,  suitable  for  modeling  sintering  experiments  at  2.45  GHz.  The  excitation 
plane  was  placed  inside  the  cavity  as  shown  in  Figure  1.  The  cavity  walls  were  assumed  to  be 
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made  of  copper  of  conductivity  o  «  S.7  x  10^  S/m.  Tbe  FDTD  computation  domain  was  designed 
to  include  a  volume  of  width  equals  to  three  cell  sizes  to  simulate  the  wall  losses  and  account  for 
the  field's  penetration  in  the  cavity  walls. 


8.18  Cm 


Boundary 


Figure  2.  An  improved  model  for  simulating  microwave  sinteing  of  insulated  ceramic 
samples  in  single-mode  cavides.  The  model  utilizes  realistic  feed  anangement 
to  help  improve  the  calculation  of  the  SAR  distribution,  the  cavity  Q,  and  the 
shift  in  resonant  frequency  as  a  result  of  the  coupling  iris. 


To  examine  the  convergence  and  accuracy  of  the  solution  procedure,  an  empty  cavity  was 
considered  first  Figtire  3  shows  the  convergence  of  the  FDTD  solution  to  a  cavity  mode 
irrespective  of  the  initially  assumed  fields  on  the  excitation  plane.  In  addition,  a  dielectric  sphere 
was  placed  at  the  location  of  maximum  electric  field  in  the  cavity,  and  the  obtained  FDTD  solution 


of  the  iiuemal  fields  was 


compared  with  the  expression  IEjj,I  =  — IEq^I  based  on  the  quasi- 


stadc  approximation  [8].  The  obtained  results  are  shown  in  Figure  3  of  a  companion  paper  in  this 
proceedings  [8]  where  it  may  be  seen  that  the  FDTD  results  are  in  good  agreement  with  the  quasi¬ 
static  values.  Figure  4  shows  that  the  FDTD  results  satisfy  the  boundary  conditions. 
Specifically,  the  tangential  electric  fields  on  boundary  A  are  continuous,  and  the  normal  electric 


field  components  on  boundary  B  are  discontinuous  by  the  ratio  of  The  convergence  of  the 


solution  to  the  appropriate  cavity  modes,  and  the  agreement  of  the  calculated  electric-field 


components  witli  the  quasi-static  calculations  for  the  ^^ecial  case  of  a  dielectric  sphere,  provided 
confidence  in  the  accuracy  of  the  developed  FDTD  code. 
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Cell  Location  (  i  direction  ) 

(b) 

Figure  3.  Coaverscnce  of  the  FDTD  solution  to  the  cavity  mode  reganiless  of  the  initially 
assnmed  incident  fieto  on  the  excitation  plane ,  (a)  Crnivergence  to  the  expected 
TEjqj  mode  at  11.829  GHx  and  to  almost  aero  fields  at  two  other  frequencies, 
1 1 J238  and  10.646  GHz.  (b)  Convergence  to  the  TEjoj  mode  at  f  «  16.404  GHz. 
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With  this  confidence  in  the  accuracy  of  the  FDTD  solution,  realistic  microwave  sintering 
experiments  were  simulated.  Figure  5  shows  the  field  distribution  inside  a  TEjQj-mode  cavity 
with  the  sample,  and  Figures  6  and  7  show  the  specific  absorption  rate  (S AR)  in  ceramic  samples 
surrounded  by  O.S-cm-thick  insulation.  Figi'tes  6  and  7  illustrate  the  relative  SAR  in  both  the 
ceramic  sample  and  the  surrounding  insulation  at  two  difierent  temperatures  and  for  a  ^;ecific  case 
of  an  insulation  thickness  of  d  =  0.S  cm.  Several  other  results  for  varying  thicknesses  of  the 
insulation  have  also  been  calculated. 

In  Model  1,  however,  it  was  observed  that  the  presence  of  the  excitation  plane  within  the 
cavity  is  similar  to  the  case  of  strongly  coupling  the  EM  fields  in  an  experimental  cavity.  It 
results  in  lowering  the  cavity  Q.  'nierefote,  to  improve  the  ability  of  the  developed  FDTD  model 
to  accurately  calculate  the  Q  of  the  cavity,  a  new  excitation  procedure  was  utiliz^  This  is  shown 
in  Figure  2,  where  an  inductive  iris  was  used  to  facilitate  exciting  the  cavity  from  a  waveguide 
section.  An  absorbing  boundary  was  used  at  the  end  opposite  to  the  excitation  aperture  in  the 
waveguide  section  to  eliminate  reflections  fiom  this  end.  It  was,  however,  observed  that  with  this 
new  excitation,  the  FDTD  solution  did  not  converge  in  the  cavity  region.  Oscillations  occurred 
and  the  fields  inside  the  cavity  failed  to  reach  st^y  state.  Upon  careful  examination  of  the 
frequency  of  the  oscillating  fields,  it  was  observed  thm  the  frequency  slightly  shifted  fiom  2.45 
GHz  to  2.43  GHz  due  to  the  reactive  impedance  of  the  iris.  Changing  the  excitation  fiequency  to 
2.43  GHz  resulted  in  a  convergent  solution  and  accurate  calculation  of  the  cavity  Q  as  well  as  the 
SAR  distribution  in  the  sample  and  the  surrounding  insulation.  Based  on  an  assumed  cavity  walls 
made  of  copper  of  conductivity  equals  to  S.7x  lO^S/m,  the  cavity  Q  was  calculated  to  be 
approximately  8000  which  is  in  good  agreement  with  experimental  expectations.  With  this, 
it  is  believed  that  the  developed 
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Figure  4.  Internal  and  external  electric  field  distributions  inside  a  dielectric  sphere  of  » 

3.  The  results  were  obtained  using  the  FDTD  solution  and  illustrate  the 
continuity  of  the  tangential  electric  field  components  at  boundary  A  and  normal 

electric  flux  density  component  6  =  eE  at  the  interface  B.  FDTD  resula  thus 
satisfy  the  bounds^  conditions. 
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Figfflc  5.  Field  iKstribution  inside  a  TEjoi-mode  cavity  with  a  ceramic  sample  ^ide. 

The  sample  is  1  cm^  cubic  alumina  surrounded  by  0.5-cm-^ck  msulauon. 
The  dielectric  properties  of  the  sample  and  the  insulauon  at  140(r  C  are 
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fr  =  2.450  GHz 

Insulation  around  sample  =*  0.5  cm 
Magnitude  in  Ceramic  =  9.16E-6 

Ratio  Pins  /  leer  ""  0-3 

Temperature  =  25®C 


Figure  6.  The  specific  absorption  rate  (SAR)  of  an  insulated  alumina  sample  at  25*  C. 
Dielectric  properties  of  the  sample  and  insulation  are  given  in  Figure  5. 
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fj.  =  2.450  GHz 

Insulation  around  sample  =  0.5  cm 
Magnitude  in  Ceramic  =  1.39E-6 
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single-mode  microwave  processing  mode!  is  the  most  accurate  one  available  to  date.  The  field 
distribution  and  SAR  results  for  insulated  ceramic  samples  heated  at  2.43  GHz  are  shown  in 
Figures  8  and  9. 

With  the  successful  development  of  the  FDTD  model,  efforts  are  now  under  way  to  extend 
this  model  to  multi-mode  cavities.  Initial  experience  with  a  new  multi-mode  cavity  has  been  very 
exciting  and  detailed  results  will  be  presented  in  future  publications. 

OTHER  APPLICATIONS  OF  COMPUTATIONAL  TECHNIQUES  AND  SOFTWARE  TOOLS 

Besides  using  computational  techniques  to  model  and  simulate  microwave  sintering  of 
ceramics,  computers  and  software  tools  may  be  used  as  educatior.aI'training  aids  to  help  inter¬ 
disciplinary  groups  review  and  understand  fundamental  aspects  of  microwave  interactions  with 
matoials.  To  date,  there  is  also  commercially  available  software  that  may  aid  in  the  development 
of  an  expert  system  that  emulates  human  expertise  and  logically  integrates  available  software  and 
the  developing  data  bases.  This  section  will  briefly  summarize  some  ongoing  activities  in  these 
areas. 

COMPUTER  APPLICATIONS  IN  DEVELOPING  A  FUNDAMENTAL  UNDERSTANDING 
OF  THE  PHYSICAL  ASPECTS  OF  MICROWAVE  INTERACTIONS  WITH  MATERIALS 

Computational  techniques  and  modem  software  tools  including  computer  graphics  and 
authoring  software  may  provide  a  unique  opportunity  for  an  interdisciplinary  group,  such  as  those 
working  in  our  area  f  t  microwave  sintering,  to  carefully  examine  and  fully  understand  the  complex 
nature  of  microwave  interaction  with  materials.  Through  preliminary  microwave  sintering 
experiments,  say  in  home-type  microwave  ovens,  may  of  us  learned  the  complex  nature  of  this 
process  and  its  high  dependence  on  the  material  type  and  shape,  as  well  as  on  the  type  and  size  of 
the  surrounding  insulation.  The  behavior  of  the  electric-  and  magnetic-field  components  at 
dielectric  interfaces  between  samples  and  insulations  needs  to  be  understood  to  help  explain  some 
thermal  runaways  at  these  interfaces,  as  well  as  to  optimize  the  role  of  insulation  in  a  microwave 
sintering  process.  In  addition,  many  of  us  encountered  problems  with  the  use  of  thermocouples 
when  used  in  monitoring  sample  temperatures.  In  single-mode  cavity  sintering  experiments,  it 
may  be  noticed  that  the  orientation  of  the  thermocouple  inside  the  cavity  plays  a  role  in  its  level  of 
interference  with  the  electromagnetic  fields  and  in  the  magnitude  of  the  resulting  temperature 
measurement  errors.  In  addition,  diniculties  are  often  encountered  in  tuning  cavities  and  in 
predicting  the  effect  of  sample  size,  loss  tangent,  on  the  Q  and  the  resonance  frequency  of  the 
cavity. 

Many  of  these  physical  and  geometrical  aspects  of  microwave  interaction  with  materials  are 
available  in  textbooks.  Most  of  the  available  presentations  are  made  in  an  abstract  and  highly 
mathematical  fashion  that  often  obscures  the  underlying  physical  aspects  of  these  interactions. 
Modem  computational  techniques  and  software  tools  with  their  attractive  features  such  as 
interactivity,  visualization,  graphical  presentation  of  results  can  play  a  significant  role  in  helping 
interdisciplinary  groups  such  as  ours  to  understand  the  physical  aspects  of  microwave  interaction 
with  materials. 
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Figure  8.  Field  distribution  inside  an  empty  cavity  at  f  j^.43  GHz.  The 

electric  field  has  a  magnitude  of  10  after  20,000  tune  steps  in  the  FuTD 
solution.  This  value  reaches  100  at  steady  sute  after  200,000  umc-step 
calculations. 
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fr=  2.430  GHz 

Insulation  around  sample  =  1.0  cm 
Magnitude  in  Ceramic  =  1.88E-6 


Figure  9.  The  specific  absorption  rate  in  a  1  ctn^  cube  ceramic  sample  surrounded  by  1* 
cm-thick  insulation.  At  25**  C,  the  dielectric  constant  of  the  insulation  was 
taken  as  e,  -  1.557  and  the  conductivity  er  =  15.37  x  S/m  and  for  the 
ceramic  sample,  =  4.1?  and  a  =  64.06  x  10-^  S/m 
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To  this  end,  a  large  collection  of  software  packages  developed  by  the  NSF/EEE  Center  for 
Computer  Applications  in  Electromagnetic  Education  (CAEME)  may  be  of  great  value.  The 
CAEME  Center,  funded  by  NSF,  is  managed  by  the  Institute  of  Electrical  and  Electronics 
Engineers  (IEEE)  to  provide  broad  participation  by  universities  and  professional  societies  across 
the  country.  The  Center  is  in  its  second  year  of  operation,  and  thus  far  has  sponsored  the 
development  of  more  than  IS  software  packages  for  electromagnetics  education.  These  packages 
cover  broad  aspects  of  EM  interactions  with  materials  including  fundamental  aspects  of  fields, 
wave  propagation  and  reflections,  solutions  of  electrostatic  and  magnetostatic  problems, 
transmission  lines,  waveguides,  and  concepts  of  radiation.  A  list  of  the  packages  is  included  in 
Table  2.  To  illustrate  the  relevance  of  the  CAEME  software  to  the  area  of  microwave  sintering  of 
ceramics,  let  us  consider  a  few  examples.  Consider  the  placement  of  an  insulated  ceramic  sample 
in  a  microwave  cavity.  It  is  desired  U)  visualize  the  electTic-Pield  di.stribution  with  and  without  the 
sample.  If  we  assume  an  approximate  2D  analysis,  software  packages  such  as  Nos.  1, 12,  and  IS 
listed  in  Table  2  may  help  in  the  visualization  of  fieids  within  and  around  a  dielectric  object  They 
may  also  be  used  to  demonstrate  dte  role  of  the  sample  dielectric  properties  and  the  shape  and  size 
on  the  field  distribution,  ^ietd  values  at  interfaces  between  different  materials  may  be  calculated 
and  the  effect  of  placing  a  metallic  fin  (simulating  the  insertion  of  a  thermocouple)  near  the  sample 
may  be  investigated.  Software  packages  such  as  Nos.  .7, 8,  and  12  may  be  used  to  demonstrate  the 
signiflcant  difference  in  placing  the  metallic  fin  parallel  or  perpendicular  to  the  electric  field  in  a 
waveguide.  Field  configurations  in  r-ifferent  modes  in  waveguides  of  different  cross  sections, 
including  rectangular,  circular,  and  sectoral  waveguides,  may  be  visualized  using  software  package 
No.  7. 

Other  software  packages,  such  as  Nos.  1, 2, 4,  and  13  in  Table  2  may  be  used  to  study  the 
fundamental  aspects  of  electromagnetic  fields  and  to  visualize  their  reflection,  transmission, 
standing-wave.s,  and  polarization  properties  in  dynamic  fashion.  The  question-and-answer  sections 
in  software  package  No.  4  and  the  laboratory  experience  in  software  package  No.  2  significantly 
help  in  emphasizing  basic  ideas  and  enhance  the  ability  to  physically  interpret  obtidned  results.  A 
study  of  the  fundamentals  of  transmission  lines  and  their  transient  and  steady-state  analysis  are 
discussed  in  software  packages  No.  5  and  6  of  Table  2.  Many  interesting  aspects  of  reflection, 
standing  waves,  and  impedance-ntatching  techniques  may  be  studied  using  these  packages. 

An  introduction  to  computational  techniques  that  may  be  used  to  simulate  realistic  sintering 
experiments  (such  as  the  finite  difference  method  described  in  an  earlier  section  of  this  paper  and 
also  the  method  of  moments)  is  included  in  the  software  package  No.  10  in  Tabic  2.  In  addition  to 
tutorial  sections,  examples  illustrating  the  various  aspects  of  the  solution  procedure  were  given. 
The  user  may  then  use  the  software  for  designing  or  simulating  cases  of  interest,  including 
microstrip  lines,  ridge  waveguides,  and  TM  scattering  by  dielectric  objects.  The  two  videos  in 
software  packages  No.  3  and  11  of  Table  2  provide  an  exciting  opportunity  for  reviewing  tutorials 
on  the  basic  concepts  and  fundamental  aspects  of  electromagnetics.  Video  3  is  based  on  laboratory 
demonstrations,  while  Video  11  was  prepared  based  on  dynamic  computational  simulations  using 
the  FDTD  method  described  in  earlier  sections  of  this  paper. 

CAEME  is  in  the  process  of  publishing  the  developed  software  in  a  book  which  will 
include  diskettes  of  the  software  [8]  ^ 


'  For  more  information  on  CAEME  and  the  availability  of  the  software,  please  contact  one  of 
the  authors  (M.  F.  Iskander)  at  (801)  581-6944. 
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Table  2.  List  of  Software  Packages  Available  from  the  NSF/BEEE  CAEME  Center. 


Software 

Package 

Number 

Description  | 

1 

"Electromagnetic  Code  for  Solving  Static  and  2D  Dynamic  Field  Problems  on  a 
Personal  Computer,"  (IBM  PC  and  compatibles),  J.  E.  Lebatic,  M.  Melton,  and  J. 
Eneel.  Rose  Hulman  Institute  of  Technoloev 

2 

"Electromagnetic  Waves"  (IBM  PC  and  compatibles),  W.  L.  Slutzman.  Virginia 
Polytechnic 

3 

"Experimental  Demonstrations  for  Teaching  Electromagnetic  Fields  and  Waves," 
Video,  Markus  Zahn,  MIT 

4 

"Visualization  of  Fields  and  Waves  Using  HyperCards"  (Macintosh),  Rodney  Cole, 
University  of  California  at  Davis 

5 

"Nuline  —  A  Time-  and  Frequency-Domain  Transmission-Line  Analysis"  OBM  PC 
and  compatibles),  F.  M.  Tesche,  Tesche  Associates,  Dallas.  Texas 

6 

"Simulator  for  Signal  Propagation  on  General  Multiconductor  Ttansmission  Lines" 
(IBM  PC  and  compatibles),  L.  Carin,  Polytechnic  University.  New  York 

7 

"Interactive  Software  Package  for  the  Analysis  and  Visualization  of 
Electiocnagnetic  Fields  Inside  Cylindrical  Waveguides"  (IBM  PC  and  compatibles).! 
A.  Z.  Elsherbeni,  University  of  Mississippi  I 

8 

"Finite-Difference  Solution  of  Rectangular  Waveguides  with  Metallic  Fins"  (IBM  j 
PC  and  compatibles),  Syracuse  University  1 

9 

"Three-Dimensional  Antenna  and  EM  Field  Displays  on  Personal  Computers" 
(IBM  PC  and  compatibles).  J.  C.  McKeeman.  Vireinia  Polytechnic 

10 

"Software  Package  for  Introducior/  Course  on  Computational  Elecuomagnetics" 
(IBM  PC  and  compatibles),  M.  F.  Iskander  and  0.  Andrade.  University  of  Utah 

11 

"Computer  Generated  Video  for  Teaching  Some  Concepts  in  Fundamental 
Electromaenetics"  (Video,  V.  Cable,  Lockheed  Corporation 

12 

"Simulation  of  EM  Phenomena  Using  FDTD  Technique"  (IBM  PC  and 
compatibles),  K.  Li  and  R.  Shin,  Massachusetts  Institute  of  Technoloev 

13 

14 

"Computer-Aided  Instruction  for  Theory  and  Design  of  Linear  Antenna  Arrays" 
(IBM  PC  and  compatibles).  S.  J.  Blank,  New  York  Institute  of  Technoloev 

15 

"Boundary  Element  Software  Package  for  Solving  Electrostatic  Problems"  (IBM 
PC  and  compatibles),  P.  Levin,  Worcester  Institute  of  Technoloev  1 
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DEVELOPMENT  OF  A  KNOWLEDGE-BASED  SYSTEM  TO  DESIGN  EXPERIMENTS  FOR 
MICROWAVE  SINTERING 


The  development  of  a  knowledge-based  system  for  designing  experiments  for  microwave 
sintering  of  ceramics  in  single-  and  multi-mode  cavities  represents  another  aspect  of  the  role  that 
may  be  played  by  software  in  this  area.  A  knowledge-based  system  is  a  software  that  simulates  the 
performance  of  a  human  expert  and  makes  effective  use  of  available  infonnation.  It  logically 
integrates  analysis  software,  educadonal  software,  and  data  bases,  and  may  be  designed  to  provide 
nonlinear  program  navigation.  It  may  also  provide  other  benefits,  including; 

a.  Integration  of  available  software  that  addresses  various  aspects  of  the  sintering  prtxiess. 
This  r.;'y  include  microwave  simulation  software,  software  for  calculating  temperature 
distribution  patterns,  and  materials  properties  data  base.  With  the  continued 
developments  in  this  area,  additional  software  may  be  added  or  modified  to  improve 
modeling,  simulation,  and  understanding  capabilities. 

b.  The  availability  of  a  knowledge-based  system  helps  in  the  propagation  of  knowledge 
and  consequently  speeds  up  commercialization  of  this  technology. 

c.  Knowledge-based  systems  help  in  the  capture  and  distribution  of  expertise  and  in  an 
interdisciplinary  area  such  as  microwave  sintering  of  ceramics  may  help  pre.scrve 
experiences  by  individuals  and  some  of  the  knowledge  otherwise  conside^  end^gered. 

d  Knowledge-based  systems  may  also  be  designed  to  include  tutorials,  possibly  using 
CAEME  educational  software. 

At  the  University  of  Utah  a  knowledge-based  system  for  electronic  package  design  was 
developed  for  IBM.  Figure  10  shows  the  various  components  of  this  system.  Electronic  package 
design  is  similar  to  the  microwave  sintering  process  technology  insofar  as  its  interdisciplinary 
aspect.  In  tl.?  software  developed  at  the  University  of  Utah,  NEXPERT  [9]  was  used  to  develop 
the  shell  that  contains  the  logical  interaction  between  the  various  software  packages  and  the  design 
rules.  The  shell  also  coordinates  access  to  the  devices  and  materials  data  base  included  in  the 
krtowledge-based  system.  The  shell  was  designed  to  access  software  for  elecuical,  mechanical,  and 
thermal  analysis  of  electronic  packages  as  well  as  a  broad  data  base  for  material  properties  and 
device  characteristics.  Many  design  rules  and  checkpoints  were  included  in  the  shell  to  help 
evaluate  the  obtained  results  l^m  the  simulation  software  and  route  consequent  evaluation  steps  in 
a  logically  structured  fashion.  For  example,  if  the  electronic  package  design  passes  the  wireability 
test  and  constraints,  the  knowledge-based  shell  may  focus  the  analysis  on  electrical  characterization 
of  the  packages  to  examine  parameters  such  as  cross-talk  and  various  impedance  mismatches. 
Based  on  the  results  from  the  electrical  analysis,  the  expert  system  may  suggest  changes  in  the 
package  design  and  hence  rerun  and  check  the  wireability  tests,  or,  if  successful,  will  continue  with 
other  characterization  aspects  such  as  thermal  and  mechanical  analysis.  From  the  above 
discussion,  it  may  be  seen  that  considerable  experience  and  a  large  number  of  evaluation  rules  go 
into  the  development  of  the  shell  It  simply  emulates  human  expertise  in  the  electronic  package 
design. 

We  believe  that  the  development  of  a  knowledge-based  system  for  microwave  sintering  of 
ceramics  is  timely  and  may  have  a  significant  impact  on  the  rapid  and  effective  commercial 
utilization  of  this  technology..  The  availability  of  software  such  as  NEXPERT  for  the 
development  of  the  shell,  the  inclusion  of  the  FDTD  3D  modeling  software,  and  the  inclusion  of 
tutorial  software  such  as  that  available  from  CAEME  as  well  as  dielectric  and  thermal  properties 
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Figure  10.  General  flow  chart  of  a  knowledge-based  system  for  electronic  package  analysis. 

data  bases,  make  the  development  of  a  useful  and  self-contained  knowledge-based  system  possible 
and  certainly  within  tei&:h. 

CONCLUSIONS 

In  diis  paper  we  presented  various  different  roles  that  may  be  played  by  computer  modeling, 
numerical  techniques,  and  available  software  tools  in  the  area  of  microwave  processing  of 
materials.  In  the  area  of  training  and  understanding  the  fundamental  aspects  of  EM  interactions 
with  materials,  we  described  the  CAEME  software  that  provides  a  broad  coverage  of  the  funda¬ 
mentals  of  electromagnetics  theory  and  engineering.  Videos  of  computer-generated  movies  and  of 
experimental  demonstrations  of  basic  concepts  and  laws  of  electromagnetics  are  among  the 
pr^ucts  of  the  CAEME  Center. 

The  use  of  the  FDTD  method  to  model  and  simulate  realistic  microwave  sintering  in  single¬ 
mode  cavities  was  also  discussed.  It  is  believed  that  the  developed  model  which  accounts  for  the 
coupling  characteristics  of  the  feed  iris,  and  accurately  calculates  the  S  AR  distribution  in  insulated 
ceramic  samples  of  complex  geometries  is  the  most  accurate  available  to  date.  The  developed 
model  also  calculates  the  Q  of  the  cavity  and  the  shift  in  the  resonance  frequency  as  a  result  of  the 
reactive  coupling  of  the  iris.  Results  illustrating  many  of  these  features  were  presented. 

Finally,  the  idea  of  developing  a  knowledge-based  system  to  help  maintain  progress  in  the 
area  of  microwave  processing  of  ceramics  was  discussed.  A  well-designed  knowledge-based  system 
mimics  human  expertise  and  may  provide  effective  use  of  the  developed  simulation  software, 
including  tutorials  and  dielectric  and  thermal  properties  data  bases.  With  the  availability  of 
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software  such  as  NEXPERT  suitable  for  the  development  of  the  system's  shell,  we  believe  that 

this  suggestion  is  timely  and  is  certainly  worthy  of  serious  consideration. 
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ELECTROMAGNETIC  MODELING  OF  SINGLE-MODE  EXCITED 
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Numerical  modeling  of  the  electromagnetic  fields  is  investigated  for  a 
circular  cylindrical  cavity  loaded  with  a  coaxially  positioned,  circular 
cylindricsd,  homogeneous,  lossy  dielectric.  Solution  for  the  eigen- 
frequencies  is  accomplished  by  mode-matching  techniques  where  the 
cavity  is  divided  into  a  coaxial  material-loaded  waveguide  region 
terminated  on  either  end  by  an  empty  waveguide  region.  Fields  in 
each  region  are  expressed  as  infinite  modal  expansions.  Appropriate 
field  components  are  matched  across  the  region  boundaries  to  form  an 
infinite  characteristic  matrix  whose  complex  determinant  is  zero  for 
eacn  of  the  complex  resonant  eigenfrequencies.  The  model  is  used  to 
describe  resonant  conditions  for  conductors  and  lossy  dielecuics 
including  nylon  and  alumina. 

INTRODUCTION 

Even  though  microwave  cooking,  drying,  material  processing,  and  other  applications 
have  been  common  uses  of  microwave  power  for  over  forty  years,  the  design  of 
specific  microwave  applicators  is  usually  an  empirical  proc'‘ss.  Whether  multimode  or 
single  mode,  microwave  processing  applicators  are  designed  by  a  trial  and  error 
procedure.  This  experimental  methodology  is  necessary  because  exact  theoretical 
models  have  not  been  developed  for  applicators  loaded  with  lossy  materials.  The 
development  of  models  for  such  applicators  would  improve  the  understanding  of 
microwave  processing/heating  and  would  enable  the  rapid  design  of  optimized  and 
controllable  microwave  processing  systems. 

As  an  initial  attempt  to  model  a  lossy  material  loaded  cavity  the  present  investigation 
is  concerned  with  the  mode-matching  solution  for  a  circular  cylindrical  cavity  of 
radius  b  and  length  L^,  loaded  with  a  coaxially  positioned,  circular  cylindrical. 
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isotropic,  homogeneous,  lossy  dielectric  of  radius  a  and  length  /  located  at  height  h 
above  the  cavity  bottom.  The  general  loaded  cavity  configuration  is  pictured  in 
Figure  1.  A  numerical  model  for  such  an  applicator  is  described  and  single  mode 
solutions  are  investigated  as  functions  of  load  dimensions  and  complex  dielectric 
constant.  The  importance  of  these  solutions  becomes  apparent  when  it  is  recognized 
that  microwave  energy  is  transferred  to  the  material  through  these  single  mode 
coupling  windows. 


Region  I 


Reg  Ion  II 


Reg  ion  II 


Figure  1.  Coaxially  Loaded  Circular  Cylindrical  Cavity. 


METHODOLOGY 

The  solution  of  electromagnetic  boundary  value  problems  in  a  region  enclosed  by 
conducting  walls  is  usually  accomplished  in  one  of  two  ways;  1)  finite  element 
methods,  or  2)  mode-matching  techniques.  In  cases  where  either  the  enclosing  region 
or  the  material  inside  the  region  is  irregular  in  shape  or  highly  inhomogeneous  in 
composition  there  is  little  choice  but  to  use  finite  element  methods  to  determine  the 
resonant  characteristics  of  the  structure.  However,  if  it  is  possible  to  consider  the 
structure  as  a  series  of  contiguous  regions  where  the  electromagnetic  fields  in  each 
region  can  be  written  in  terms  of  an  expansion  of  simple  modes,  then  the  resonant 
characteristics  of  the  system  may  be  determined  by  mode-matching  techniques. 

If  the  nature  of  the  resonant  structure  meets  the  above  conditions,  mode-matching 
offers  the  advantage  over  finite  element  analysis  in  understanding  the  modal  composi¬ 
tion  of  the  electromagnetic  fields.  Knowledge  of  the  modal  composition  of  the  fields 
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can  be  extremely  useful  in  understanding  and  designing  applicators  for  optimal 
processing  of  a  variety  of  loads.  By  examining  the  modal  coefficients  and  how  they 
change  with  ^plicator  and  load  parameters,  process  cycles  can  be  intelligently 
designed  and  predicted. 

LOADED  CAVITY  CONFIGURATION  VARIATIONS 


The  general  configuration  of  Figure  1  may  assume  one  of  two  special  cases  depending 
upon  the  shape  of  the  load.  Figure  2  shows  the  case  where  the  load  length  is  equal  to 
the  cavity  length,  i.e.,  h  =  This  configuration  is  referred  to  as 

cavity-short  type.  When  /  <  L^,  as  shown  if  Figure  1,  the  configuration  is  referred 
to  as  cavity-open  type.  The  cavity-open  type  configuration  includes  cases  where  the 
load  is  more  elongated  and  rod-shap^  and  cases  where  the  load  is  flat  and  disk¬ 
shaped. 

Load 

/  Ma  t  e  r 1  a  1 


Figure  2.  Cavity-Short  Type. 

In  addition  to  the  various  geometrical  configurations  of  the  cavity  and  load,  the 
dielectric  constant  of  the  load  must  be  considered.  For  lossy  materials,  the  dielectric 
constant,  i,  is  complex. 


For  most  materials,  e'  falls  into  the  range  of  1  to  over  100  while  e"  varies  from  0,  for 
a  lossless  dielectric,  to  over  10,000  for  a  good  conductor.  It  should  be  noted  that  in 
general  t'  and  e"  can  also  be  functions  of  special  coordinates  (non-homogeneous)  and 
directional  (non-isotropic),  although  here  we  consider  only  homogeneous  and  isotropic 
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NUMERICAL  MODEL 


As  shown  in  Figure  1  the  cavity  is  divided  into  three  regions.  Regions  I  and  III  are 
empty  waveguide  regions  while  region  II  is  a  coaxially  loaded  waveguide  region.  In 
order  to  solve  for  the  eigenvalues  of  the  cavity  system,  the  eigenvali'os  for  each  of  the 
waveguide  regions  must  be  found  first.  The  empty  region  solutions  can  be  either  TM 
or  TE  with  eigenvalues  given  by  the  zeros  of  Bessel’s  functions  of  the  first  kind  and 
their  derivatives.  The  constitutive  relationshijp  between  the  wavenumber  and  the 
propagation  constants  in  the  empty  regions  is^ 

w^/teo  =  (2) 

where  k.  *  h  with  b  the  cavity  radius  and  X  a  zero  of  an  ordinary  Bessel’s  function 
^  b 

for  TM  modes  or  of  the  derivative  of  an  ordinary  Bessel’s  function  for  TE  modes. 

The  fields  in  the  coaxially  loaded  region  can  also  be  divided  into  TM  and  TE  solu¬ 
tions  for  phi-symmetric  (n=0)  modes.  For  non-phi-symmetric  modes  the  fields  are 
neither  TE  nor  TM  and  the  eigenvalue  equation  is  more  complicated.  The  coaxially 
loaded  waveguide  eigenvalue  equation  is  given  in  Equation  (3)  where  e  is  the  com¬ 
plex  dielectric  constant  in  the  load  region  and  the  F’s  are  combinations  of  Bessel’s 
funaions  of  the  first  and  second  kind  using  Harrington’s  notation.^ 


V,  -  u: 


(-0  for  TE„.o  solutions) 
(  »0  for  TM„.q  solutions) 


£/2.  21 


Equation  (3)  is  also  the  characteristic  equation  for  the  cavity-short  type  geometrical 
configuration  with 


where  t,  is  the  cavity  length  and  q  is  an  integer. 
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The  solution  to  the  general  open-type  configuration  (Figure  1)  involves  finding  the 
waveguide  modes  in  each  of  the  three  regions,  writing  the  field  solution  in  each 
region  as  a  sum  over  all  of  the  modes  for  the  region,  and  matching  Et^  and 
fields  at  the  region  boundaries.  The  field  matching  equation  yields  an  infinite  matrix, 
which  must  be  truncated  to  finite  dimensions  for  calculation.  The  determinant  of  the 
matrix  set  equal  to  zero  is  the  eigenvalue  equation  for  the  cavity  system.  This 
equation  must  be  solved  using  a  complex  root-finding  routine.  Convergence  to  a 
solution  determines  how  large  the  matrix  must  be  to  provide  an  accurate  result.^ 
t  The  results  in  Figure  6  below  were  for  a  5x5  matrix.  The  eigenvalue  equation  is 

solved  after  the  following  configuration  variables  have  been  specified:  a,  b,  L^,  I,  h, 
e',  and  e*.  The  numerical  solution  to  the  eigenvalue  problem  computes  the  loaded 
cavity  complex  resonant  frequency  and  coefficients  for  the  modal  expansions. 

EXAMPLE  SOLUTIONS 

Cavity-Short  Type 

A  resonant  frequency  solution  to  the  cavity-short  type  configuration  for  nylon  is 
shown  in  Figure  3.  The  inside  diameter  of  the  cavity  is  6"  while  the  nylon  rod 
through  the  cavity  axis  is  1"  in  diameter.  Empty  cavity  and  short-type  numerical 
solutions  from  equations  (2)  and  (3)  are  plotted  as  shown  by  the  solid  lines  indicated 
in  Figure  3  while  the  experimentally  measured  points  are  represented  by  open  squares 
for  the  empty  cavity  and  crossed  circles  for  the  short-type  loaded  cavity.  Figure  3 
demonstrates  excellent  agreement  between  theory  and  experiment. 
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Figure  3.  Cavity-Short  Solution  for  Nylon. 
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A  similar  plot  for  alumina  is  shown  in  Figure  4.  Figure  4  shows  how  the  resonant 
frequency  would  change  with  a  hypothetical  change  in  the  imaginary  part  of  the 
dielectric  constant  for  a  cavity-short  type  heating  configuration.  It  is  interesting  to 
note  that  as  the  loss  factor  increases  from  zero,  the  resonant  frequency  for  a  constant 
cavity  length  first  drops,  then  rises  again  as  the  loss  factor  continues  to  increase  into 
the  range  where  the  material  becomes  a  good  conductor. 


4.5  5.0  5.5  6.0  6.5  7.0  7.5  B.O  8.5  9.0 

Cavity  Length  (cm) 


Figure  4.  Cavity-Short  Solution  for  Alumina  with  Hypothetical  Losses. 


Cavity-Open  Type 

A  solution  for  cavity-open  type  TM  modes  when  the  load  is  a  conductor  has  been 
attempted  in  the  past.^  However,  due  to  a  neglect  of  the  TEM  contribution  in  the 
loaded  region,  the  solutions  were  in  error.  Figure  5  shows  a  plot  of  the  open-type 
solution  for  the  TM012  mode  in  a  6’  diameter  cavity  with  a  0.5'  diameter  conducting 
rod  in  the  center  for  various  rod  lengths.  As  can  be  seen  by  examining  Figure  5, 
experimental  points  coincide  very  well  with  the  theoretical  solution. 

Figure  6  contains  a  plot  of  the  resonant  frequency  versus  load  length  for  a  cavity-open 
type  configuration  with  a  0.5"  diameter  nylon  load  in  a  6"  diameter  cavity.  Experi¬ 
mental  points  are  included  for  comparison  with  the  theory.  At  either  extreme,  when 
the  load  length  was  zero  (empty  cavity)  or  when  the  load  extended  the  cavity  length 
(cavity-short  type),  the  open-type  solution  gives  the  correct  result.  For  other  load 
lengths  there  is  also  good  agreement  between  theory  and  experiment,  although  it  must 
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be  noted  that  the  condition  number  of  the  characteristic  matrix  becomes  too  large  to 
give  accurate  results  at  16  digit  precision  if  the  matrix  is  truncated  at  more  than  five 
by  five. 

CONCLUSIONS 

It  has  been  shown  that  mode-matching  provides  an  accurate  means  of  calculating  the 
modal  wavenumbers  and  resonant  frequencies  of  circular  cylindrical  cavities  coaxially 
loaded  with  conductors  or  lossy  dielectric  materials.  From  this  information  the  modd 
fields  can  be  calculated  and  spatial  energy  dissipation  in  the  load  determined. 

Although  there  exists  a  numerical  instability  for  large  characteristic  matrices  for  the 
dielectric  load  open-type  solution,  good  agreement  between  theory  and  experiment  is 
still  possible.  It  is  honed  that  by  using  extended  precision  in  the  numeric^  calcula¬ 
tions,  even  better  agreement  will  be  achieved. 

The  information  made  available  by  this  technique  is  a  valuable  contribution  to  a  more 
precise  understanding  of  electromagnetic  cavity  heating  of  lossy  materials.  In  addition 
to  an  exact  understanding  of  heating  materials  in  the  circular  cylindrical  cavity, 
general  trends  in  the  change  of  resonant  conditions  with  dielectric  properties  and  load 
size  and  shape  provide  insight  into  the  microwave  heating  of  other  materials  variously 
configured  in  other  applicators.  This  information  should  make  predictive  control  and 
design  of  microwave  applicators  a  viable  alternative  to  the  trial  and  error  methods  of 
the  current  technology. 
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ABSIRACT 

A  method  to  simulate  microwave  heating  of  ceramics  which  has  a  temperature 
dependent  dielectric  property  is  developed  here.  In  this  simulation  study,  the 
impedance  method  is  used  to  ^d  the  microwave  energy  absorbed  by  ceramics  and 
a  non-linear  finite  element  method  is  used  to  determine  the  dynamic  temperature 
profile  in  the  ceramics  during  microwave  heating.  Using  the  developed  method,  the 
thermal  runaway  phenomenon  in  the  microwave  heating  of  ceramics  is  successfully 
simulated.With  detailed  analysis  of  the  microwave  energy  absorption  pattern  in  the 
ceramics,  the  effects  of  diel^'ctric  properties  on  microwave  energy  ibsoiption  by 
ceramics  are  discussed.  Tlie  causes  of  non-uniform  heating  witi.  microwave 
energy  that  has  been  observed  m  our  laboratory  arc  also  investigated. 

INTRODUCTION 

The  use  of  microwave  energy  is  a  new  and  exciting  approach  in  ceramic 
processing.  It  has  already  been  used  in  sintering,  joining  and  melting  of 
ceramicsfl].  Since  microwave  heating  is  a  volumetric  process,  it  could  provide 
uniform  heating  so  that  the  temperature  gradient  which  is  observed  in  conventional 
rapid  heating  methods  can  be  avoided.  Rapid  and  uniform  heating  are  important  in 
the  joining  and  sintering  of  ceramics.  On  the  contrary,  non-uniform  heating  is  often 
observed  in  our  laboratory  with  microwave  sintering  or  joining.  Therefore,  it  is  of 
practical  interest  to  simulate  the  phenomenon  of  microwave  heating  for  better 
control  and  more  efficient  use.  In  spite  of  the  significance  of  the  problem,  there  is 
no  comprehensive  analysis  available  which  would  describe  the  behavior  of  ceramic 
materials  exposed  to  electromagnetic  radiation.  Research  by  Iskander  (2]  and 
Watters  ct  al.  [3]  has  revealed  some  of  the  mechanisms  of  microwave  heating  of 
ceramics.  However,  the  simulation  of  microwave  heating  of  ceramics  with  a 
temperature  dependent  dielectric  property  is  still  lacking.  In  this  paper,  a  method  of 
simulating  microwave  heating  of  ceramics  with  temperature  dependent  dielectric 
properties  is  developed  here.  The  impedance  method  is  used  to  find  the  microwave 
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energy  absorbed  by  ceramics.  A  non-linear  finite  element  method  is  developed  to 
determine  the  dynamic  temperature  profile  in  the  ceramics  during  microwave 
heating.  Using  this  develop^  method,  the  thermal  runaway  phenomenon  in  the 
microwave  heating  of  ceramics  is  successfully  simulated.With  detailed  analysis  of 
the  microwave  energy  absorption  pattern  in  the  ceramics,  the  effects  of  dielectric 
properties  on  microwave  energy  absorption  by  ceramics  are  discussed.  The 
causes  of  non-uniform  heating  using  microwave  energy  that  has  been  observed  ir 
our  laboratory  are  also  investigated.  In  doing  so,  a  better  understanding  of 
microwave  heating  of  ceramics  is  realized. 

THEORY 

In  order  to  simulate  microwave  heating  of  ceramics,  it  is  necessary  to  find  the 
electric  and  magnetic  field  strength  inside  ceramics  and  the  absorbed  microwave 
energy.  Electric  and  magnetic  fields  are  linked  by  Maxwell’s  equations,  a  group  of 
linear  differential  equations.  Assuming  an  e''“*  harmonic  time  dependence. 
Maxwell's  equations  can  be  expressed  as  follows. 


V*(Eo£iE)=p^ 

(1) 

V*  (1»o11tH)  =  0 

(2) 

Vx  E  =  j 

(3) 

VxH  =  OE-j  (OEotrE 

(4) 

where  and  are  the  permitivity  and  permeability  in  the  vacuum,  and  p,  are 

the  relative  permitivity  and  penneability  of  the  material ,  a  is  the  conductivity  of  the 
material.  E  and  H  are  the  electric  and  magnetic  field  strength,  respectively.  The 
propajgation  of  energy  in  the  electromagnetic  field  can  be  deduced  from  tliis 
equation  system  and  leads  to  Poynting’s  theorem 

P  =  .ftExH*ldS  (5) 


which  states  that  the  mean  energy,  P,  flowing  into  a  surface,  S,  depends  on  the 
amplitude,  distribution  and  prevailing  phase  of  the  electric  and  magnetic  field. 

By  using  Gauss'  law,  equation  5  can  be  converted  into  the  volume  integral  which 
can  then  be  resolved  into  three  single  integrals 
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(6) 


The  first  two  integrals  take  account  of  the  magnetic  and  electric  fields  respectively 
while  the  third  represents  the  necessary  dissipation  in  the  dielectric  in  a  general 
fonn.  Therefore,  the  energy  converted  into  heat  by  the  alternating  field  is 


P  =  <D€o^|(E.E*)dv(W) 


(7) 


It  increases  according  to  the  frequency ,  the  square  of  the  electric  field  strength  and 

tt 

the  unaginary  part  of  the  dielectric  constant  Once  the  profile  of  e  as  function  of 
temperature  and  the  electric  field  strength  in  the  homogeneous  body  are  known,  it 
may  be  possible  to  study  the  thermal  runaway  conditions  through  the 
source-incorporated  heat-diffusion  equation.  The  diffusion  of  thermal  energy  in  a 
homogeneous  bound  volume  V  is  determined  by  the  partial  differential  equation 


pC,|l.K,V  =  T  =  p 


(8) 


where  p,  Cp  and  Kj,  are  the  mass  density ,  specific  heat  and  thermal  conductivity  of 
the  material,  respectively,  p  is  the  microwave  energy  density  absorbed  by  the 
matcriaL  At  the  boundary  of  the  volume  V,  the  bound^  condition 

K^n.VT  =  h(T-To)  +  8a,(T^Tj  )  (9) 


must  be  satisfied  ,  in  which  h  is  the  heat  convection  coefficient,  e  and  are  the 
emissivity  of  the  material  and  Stefan-Boltzmann  constant.  T^  is  the  ambient 
temperature.  The  initial  condition  is 


T(r,0)  =  T, 


(10) 


This  heat  diffusion  equation  is  analogous  to  the  forced  Fisher  equation 


T,  =  T,,  +  G(T) 


(11) 
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which  is  known  to  have  chaotic  behavior  for  specific  initial  and  boundary 
conditions  as  investigated  by  Fisher  [  4  ]  in  1937  and  Rothe  [5]  in  1981. 

DESCRIPTION  OF  THE  MODEL 

For  simplicity,  a  ceramic  slab  with  finite  thickness  under  plane  wave  radiation 
is  considered  here  as  depicted  in  figure  1.  The  incident  electric  field  is  a 
monochromatic  plane  wave  propagating  in  the  z-direction  and  is  polarized  dong  the 
x-axis.  To  account  for  material  iion-linearity  during  microwave  heating,  the  skb  is 
further  divided  into  layers  so  that  the  finite  element  method  can  be  used  accurately. 
It  is  assumed  that  each  element  has  the  same  material  properties  during  the 
microwave  heating  process  at  each  temperature  step.  Since  the  ceramic  slab  is 
assumed  to  be  very  large,  the  problem  becomes  one-dimensional,  hi  the  following 
discussion,  layers  with  smaller  thicknesses  will  be  considered  as  different  media 
since  they  may  have  different  material  properties  such  as  dielectric  constant  and  loss 
factor  which  are  functions  of  temperature  during  the  microwave  heating  process. 


Figure  1.  Ceramic  Slab. 

To  simulate  microwave  heating  of  ceramics,  the  microwave  energy  absorbed  by 
Ae  ceramic  slab  must  first  be  calculated.  Therefore,  the  electric  and  magnetic  fields 
in  the  ceramic  slab  have  to  be  determined  first.  The  electromagnetic  field  inside  a 
dielectric  body  of  aibitrary  shape  is  difficult  to  determine.  For  the  model  considered 
here,  an  impedance  method  [6]  is  applied  and  proven  to  be  effective  to  account  for 
material  non-linearity. 

The  application  of  the  impedance  method  can  be  described  as  follows.  When  an 
electric  fieid  is  incident  on  the  ceramic  slab,  which  is  now  assumed  to  be  composed 
of  several  different  layer,  multiple  reflection  will  occur  in  the  different  layers 
leading  to  positive  and  negative  traveling  waves,  A  generalized  reflection  coefficient 
is  defined  for  any  layer  as  the  ratio  of  the  incident  and  reflected  field.  Hence,  the 
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total  field  can  be  represented  by  the  positive  traveling  wave  and  the  generalized 
reflection  coefficient .  In  the  first  layer,  the  incident  field  is  known  and  the  reflected 
field  is  unknown.  For  the  Nth  layer,  Ae  generalized  reflection  coefficient  is  zero 
because  there  is  no  negative  traveling  wave.  The  total  field  impedance,  which  is 
complex  and  position  dependent,  is  defined  as  the  ratio  of  electric  field  over  the 
magnetic  field.  For  the  Ndi  layer,  the  total  field  impedance  will  be  equal  to  the  field 
impedance  for  that  layer.  At  an  interface,  the  total  field  impedances  for  adjacent 
layers  are  equal  due  to  the  field  boundary  condition  at  that  interface.  With  this 
boundary  condition,  the  total  impedance  at  different  interfaces  can  be  found.  Hence, 
the  reflected  field  in  the  first  layer  is  found.  By  using  the  boundary  condition  that 
the  electric  field  is  continuous  at  each  interface,  the  electromagnetic  field  strength  in 
each  layer  is  really  found.  The  resulting  field  can  then  be  used  to  calculate  the 
microwave  energy  absorbed  by  that  iayer. 

When  the  microwave  energy  absorbed  by  the  slab  is  known,  the  heat  diffusion 
equation  can  be  used  to  calculate  the  temperature  variation  with  time  and  position. 
Since  the  dielectric  constant  and  loss  factor  are  functions  of  temperature,  the 
microwave  energy  absorbed  by  the  ceramic  slab  is  also  a  function  of  temperature. 
Hence,  the  heat  diffusion  equation  becomes  non-linear.  A  non-linear  finite  element 
method  is  therefore  needed  to  find  the  dynamic  temperature  distribution  profile.  At 
the  surface  of  the  ceramic  slab,  radiation  link  elements  are  used  to  account  for 
radiation  heat  loss.  Conduction  loss  is  neglected  since  the  radiation  loss  is  the  prime 
heat  loss  at  high  temperature.  The  detailed  implementation  of  the  non-linear  analysis 
is  as  follows.  The  time  step  to  do  the  non-linear  analysis  is  designated  first.  The 
temperature  at  the  end  of  time  step  is  then  estimated.  Tne  material  properties  at  the 
middle  of  the  temperature  increment  are  used  for  each  media.  The  microwave 
energy  absorbed  by  each  media  with  different  dielectric  properties  is  calculated 
according  to  the  technique  described  above.  The  temperature  distribution  is  then 
obtained  by  using  power  absorption  data.  The  computed  results  will  be  compared 
with  the  prior  estimated  temperature.  Such  an  iteration  procedure  will  continue  until 
the  difference  between  the  estimated  and  calculated  temperature  reaches  a  prescribed 
value. 

RESULTS  AND  DISCUSSION 
Microwave  Energy  Absorption  by  Ceramics 

By  using  the  technique  stated  above,  the  effects  of  the  dielectric  constant  and  the 
loss  factor  on  the  power  absorption  by  ceramics  are  considered.  Figure  2  gives  the 
comparison  of  power  absorption  by  ceramic  slabs  with  the  same  dielectric  cons*ant 
and  different  loss  factors.  The  increase  in  loss  factor  will  dramatically  increase  the 
ability  of  the  ceramic  slab  to  absorb  microwave  energy.  Figure  3  shows  that  with 
the  increase  of  both  dielectric  cons.'ant  and  loss  factor,  the  uniformity  and  ability  of 
power  absorption  by  ceramics  are  also  increased. 

Simulating  Microwave  Heating  of  Ceramics 

The  developed  non-linear  finite  element  method  is  used  in  this  case  to  find  the 
dynamic  temperature  profile  of  a  cerarr  ic  slab  under  plane  wave  radiation 
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considering  changes  in  both  the  dielectric  constant  and  the  loss  factor  with 
temperature.  The  analysis  procedure  is  displayed  in  figure  4.  The  data  of  dielectric 
constant  and  loss  factor  change  with  temperature  are  taken  from  Fukushima  et 
al.[71.  The  incident  microwa  vc  power  flux  is  SOkw/m^.  The  microwave  firquency 
is  taken  to  be  6  GHz  to  be  consistent  with  the  dielectric  data. 


Distance  Froir*  Incident  Plane 
( Incident  Wavelength  ) 

Figure  2.  Microwave  Power  Absorption  for 
Slabs  with  Different  Loss  Factors. 


Figure  3.Microwave  Power  Absorption  for  Slabs 
with  Different  Dielectric  Properties. 
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The  mass  density,  specific  heat  and  thermal  conductivity  arc  taken  to  be  4g/cm3, 
1.125  j/g  °C  Slid  lOw/cm^,  respectively.  The  thickness  of  the  plate  is  taken  to  be 
5.08  cm.  The  finite  clement  analysis  routine  on  ANSYS  is  implemented  in  the 
calculation.  The  calculation  is  done  on  a  VAX- 1 1/780  computer.  The  CPU  time  is 
79  seconds. 


Figure  4.  Procedures  for  Simulating  Microwave  Heating  of  Ceramics. 


Figure  5  gives  the  temperature  variation  with  time  at  0.01m  inside  the  slab  from 
the  microwave  incident  plane.  The  temperature  increases  slowly  at  the  beginning 
a;.d  rapidly  after  bOO^C. 

Figure  6  displays  the  temperature  profile  over  the  thickness  of  the  slab.  An 
appreciable  temperature  gradient  is  observed.  This  temperature  gradient  is  caused 
ly  non-symmctric  microwave  radiation  of  the  ceramic  slab  and  radiation  heat  loss  at 
the  boundary,  which  subsequently  results  in  a  non-uniform  power  absorption  by 
the  ceramic  slab.  If  symmetric  radiation  is  realized,  i.e.,  microwave  radiation  is 
from  both  sides  of  the  slab,  the  uneven  heating  will  result  from  boundary  radiation 
heat  loss  only  and  the  center  of  slab  will  have  the  highest  temperature.  Hence,  the 
radiation  heat  loss  at  the  boundary  is  the  main  contribution  to  the  non-uniform 
heating  with  microwaves  observed  in  our  laboratory  where  the  ceramic  sample  is 
melted  a'  the  center  while  the  boundary  is  still  intact.  In  order  to  prevent  this  effect, 
good  insulation  must  be  used  at  the  boundary.  Also,  in  practice,  the  ceramic  sample 
needs  to  be  rotated  continuously  to  prevent  any  uneven  radiation.  Figure  7  shows 
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the  variation  of  total  microwave  energy  abso  rbed  by  the  ceramic  slab  verse  the 
temperature  variation  at  0.01m  inside  the  slab  from  microwave  incident  plane.  It 
indicates  that  as  the  ceramic  becomes  hot,  its  energy  absorption  ability  is  increased. 
Therefore,  thermal  runaway  is  realized  in  microwave  heating. 


TIME  (  hour  ) 

Figure  5.  Dynamic  Temperature  Profile  0.01m 
inside  the  Slab  from  die  Incident  Plane. 


Distance  Fror:  Wave  Incident  Plane  (  m  ) 


Figure  6.  Temperature  Distribution  over  the  Thickness  of  the  Slab. 
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Figure  7.  Total  Microwave  Energy  Absorbed  by  slab  vs.  Temperature. 
CONCXUSION 

A  method  of  modeling  microwave  heating  of  ceramics  is  developed  here.  The 
results  show  that  increasing  the  dielectric  constant  could  increase  microwave  power 
absorption  uniformity  while  increasing  the  loss  factor  could  increase  the  material's 
ability  to  absorb  microwave  energy.  It  is  found  that  non-uniform  heating  observed 
in  the  laboratory  can  be  caused  by  boundary  radiation  loss  and  non-uniform 
radiation  by  the  microwave  source.  Through  this  research,  it  is  observed  that  the 
dielectric  property  of  a  material  at  elevated  temperature  has  a  very  important  role  in 
designing  microwave  processing  technique.  In  nticrowave  sintering  of  ceramics, 
the  green  sample  changes  its  microstrucnire  during  microwave  heating.  Its  dielectric 
properties  change  with  not  only  temperature  but  also  microstructure.  Hence,  the 
characterization  of  the  dielectric  property  of  ceramics  during  microwave  sintering  is 
very  important .  In  doing  so,  we  are  not  only  able  to  control  the  sintering  process 
but  also  able  to  understand  thoroughly  the  mechanism  of  microwave  sintering. 
Therefore,  we  need  to  develop  a  method  to  dynamically  characterize  the  dielectric 
property  of  materials  with  temperatures  as  well  as  model  microwave  heating  for  the 
ceramic  samples  of  complica^  shapes. 
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ABSTRACT 

The  heating  of  a  ceramic  slab  under  TM-illumination  is  modeled  and  analyzed  in 
the  small  Biot  number  regim'  The  steady  state  temperature  is  nearly  constant  in 
this  limit  and  its  value  is  a  function  of  the  microwave  power.  This  function  is  mul¬ 
tivalued  when  the  electrical  conductivity  is  modeled  as  an  exponential  function  of 
temperature.  Limiting  cases  and  examples  are  presented  and  physically  interpreted. 

INTRODUCTION 

Although  the  use  of  microwaves  to  heat  and  dry  materials  has  gained  acceptance 
in  many  industries,  the  basic  understanding  of  these  processes  still  remains  some¬ 
what  empirical  due  to  their  highly  nonlinear  character.  This  is  certainly  the  case 
with  ceramic  sintering.  The  mathematical  description  of  this  process  is  fraught  with 
nonlinearities;  the  electrical  conductivity  which  is  present  in  both  Maxwell’s  equa¬ 
tions  and  the  heat  equation  is  highly  temperature  dependent  at  the  temperatures 
required  for  sintering.  Moreover,  the  thermal  boundary  conditions  must  take  into 
account  both  convective  and  radiation  heat  loss.  The  result  is  a  highly  nonlinear 
initial-boundary  value  problem. 

In  previous  works  we  have  studied  the  heating  of  both  electrically  very  thin  [1,2] 
and  very  thick  [3]  ceramic  slabs.  In  both  cases  the  temperature  distribution  had 
little  or  no  effect  on  the  electric  field.  In  this  paper  we  will  give  the  results  for  a 
slab  of  thickness  comparable  to  a  wave  length  where  the  temperature  distribution 
significantly  affects  the  electric  field.  For  conductivities  which  increase  with  tem¬ 
perature  we  deduce  an  S-shaped  response  curve  relating  the  slab  temperature  to  the 
microwave  power.  The  upper  branch  of  this  curve  owes  its  existence  to  a  nonlinear 
skin  efiect  wherein  the  interior  of  the  slab  is  shielded  from  the  microwaves.  Under 
the  proper  conditions  this  curve  clea-' ,  e.v  lains  the  expeiimentcilly  observed 
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phenomenon  of  thermal  runaway  which  results  in  the  destruction  of  the  ceramic  by 
melting  (4,5). 

FORMULATION 

The  formulation  we  now  present  assumes  a  time  harmonic  electric  field  and, 
in  general,  a  time  dependent  temperature  distribution.  Although  the  governing 
equations  do  not  admit  exactly  such  a  physical  solution,  the  equations  we  present 
are  in  fact  the  leading  order  equations  of  an  asymptotic  theory.  This  theory  is 
based  upon  the  fact  that  the  time  required  for  heat  to  diffuse  an  electromagnetic 
wavelength  is  much  larger  than  the  period  of  a  microwave.  It  yields  the  standard 
time  harmonic  vector  wave  equation  for  the  electric  field  and  an  averaged  diffusion 
equation  for  the  temperature  distribution  in  which  the  electromagnetic  source  term 
has  been  integrated  over  a  microwave  period. 

Within  this  framework,  we  assume  that  a  plane,  time  harmonic  electromagnetic 
wave  of  frequency  lj  impinges  normally  upon  an  isotropic  ceramic  material  which 
fills  the  region  Q  <  x  <  d.  A  portion  of  the  wave  scatters  from  the  interface  z  =  0, 
a  portion  penetrates  the  slab  and  heats  the  material,  and  the  remaining  portion  is 
transmitted  through  the  interface  z  =  d.  In  the  free  space  regions  z  <  0  and  z  >  0, 
the  electric  field  is  given  by  the  real  parts  of 

E  =  E(i[exp{ikx  -  iuit)  +  pexp(-ikx  -  iwt)]k,  z  <  0,  (1) 

E  =  Eo[Texp{ikx  -  tu;t)]k,  z  >  d,  (2) 

respectively,  where  Eq  is  the  strength  of  the  incident  field,  k  =  ul-s/c^  c  is  the 
speed  of  light  in  free  space,  r  is  the  transmission  coefficient,  and  p  is  the  reflection 
coefficient.  Both  r  and  p  are  to  be  determined. 

The  electric  field  which  penetrates  the  ceramic  and  interacts  with  the  material  is 
given  by  the  real  part  of  E  =  ((7(z)ezp(-iw0]h,  where  U  satisfies 


MTITa) 


]U  =  0. 


0  <  z  <  d. 


we,  . .  . . 

In  this  equation  Cj  is  the  permittivity  of  the  ceramic,  which  is  assumed  to  be  con¬ 
stant,  ki  =  —  y/eiJTo,  to  is  the  permittivity  of  free  space.  Ta  is  the  ambient  temper¬ 
ature  in  the  absence  of  microwave  radiation,  T  is  the  temperature  of  the  slab  in  the 
presence  of  radiation,  and  <r{TITA)  is  the  conductivity  of  the  slab.  At  the  ambient 
temperature,  Ta,  the  conductivity  takes  the  value  cr^,  i.e..  ct(1)  =  <t^.  Implicit  in 
the  definition  of  ki  is  our  assumption  that  the  magnetic  permeability  of  the  ceramic 
is  identical  to  that  of  free  space,  po- 

From  the  continuity  of  the  tangential  electric  and  magnetic  fields  at  z  =  0  and 
z  =  d,  we  deduce  that  U  and  its  derivative  are  continuous  there.  Combining  this 
fact  with  (1-2)  and  eliminating  r  and  p  ,  we  find  that  U  satisfies  the  boundary 
conditions 


^  -I-  ikU  =  2ikEo, 
ax 


z  =  0. 


-  ikU  =  0,  z  =  d. 
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Within  the  ceramic  region  the  electromagnetic  wave  interacts  with  the  material 
and  increases  its  temperature  through  ohmic  and  dipolar  heating.  The  temperature 
evolves  according  to  the  equation 


dT  d‘^T  .  o(r/rM)„„i 
dt  ~  dx^  2K  '  '  ’ 


0  <  I  <  d, 


(6) 


where  t  is  the  nondimensional  time  which  was  scaled  with  respect  to  the  time 
required  for  heat  to  diffuse  an  electromagnetic  wavelength.  In  (6)  K  is  the  thermal 
conductivity  which  is  assumed  to  be  constant.  We  also  require  that  the  temperature 
satisfies  the  surface  heat  balances 


K-^  =  hiT-T^)  +  se{T*-T\), 
-K^  =  h{T-T^)  +  se{T* -T\), 


1  =  0, 

(7) 

z  =  d. 

(8) 

where  h  is  the  convective  heat  constant,  s  is  the  radiation  heat  constant,  and  e  is 
the  emissivity  of  the  surface. 

The  nonlinear  character  of  the  problem  is  now  apparent;  the  electric  field  prop¬ 
agates  through  the  ceramic  and  affects  the  temperature  distribution  through  its 
presence  in  (6).  This  in  turn  changes  the  electrical  conductivity  of  the  material,  o, 
which  affects  the  propagation  through  its  presence  in  (3). 


Analysis 

We  begin  by  integrating  the  equation  (6)  across  the  width  of  the  slab.  Then, 
using  integration  by  parts  on  the  term  involving  the  second  derivative  and  applying 
the  boundary  conditions  (7-8),  we  obtain 

jj\dx  =  -N{Ti)-  ^V(ro)-^  ^  J\{T/Ta)\U\^  dx  (9) 

h, 

N(Z)=  J{Z  -Ta)  +  -{Z*  -T\)  (10) 

This  states  that  the  rate  of  increase  of  thermal  energy  equals  the  power  added  by 
the  microwave  source  minus  that  which  is  removed  at  the  surface  by  convection 
and  radiation.  A  steady  state  temperature  distribution  will  be  achieved  when  these 
powers  are  equal.  When  this  occurs  we  have 

fV(r,)-byv(ro)  =  —  jf  a(r/r^)|f/pdz.  dD 

The  form  of  (10)  suggests  that  the  two  nondimensional  parameters 

Bi=hdlK  and  Bi^sedT^/k’  (12) 
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play  a  fundamental  role  in  the  description  in  the  heating  process.  The  parameter  Bi 
is  the  Biot  number  [6],  which  is  a  measure  of  the  relative  effects  of  convection  and 
conduction,  the  constant  B2  is  the  radiation  equivalent  of  the  Biot  number  which  is 
a  measure  of  the  relative  effects  of  convection  and  radiation.  Typical  values  for  Bi 
and  Bi  of  a  ceramic  slab  are  of  the  order  of  0.0001  [2,7].  In  a  recent  study  [8]  we 
have  exploited  the  size  of  these  parameters  to  obtain  an  asymptotic  approximation 
to  the  steady  state  solution  of  (3-8)  as  B]  -*  0  with  B2/B1  held  fixed.  That  is,  the 
effects  of  radiation  and  convection  were  weighed  equally.  In  this  limit  we  found 

T  =  ro  +  0(B,)  and  o  +  0{Bi)  (13) 

where  the  term  0{B\)  represents  an  error  which  is  of  the  same  order  as  Bi,  To  is  a 
constant,  and  Uq  is  the  electric  field  satisfying  (3-8)  with  T  replaced  by  Tq.  We  note 
here  that  the  temperature  is  nearly  constant  because  the  slab  is  almost  thermally 
insulated  when  B\  —  0. 

We  obtain  the  relationship  between  the  steady  state  temperature  To  and  the 
applied  microwave  power,  in  this  limit,  by  combining  (11)  and  (13).  It  is 


21V(To)  = 


W7o/Tm) 


Jo 


This  formula  implicitly  gives  To  as  a  functional  of  the  electric  field  Uo  within  the 
slab.  A  more  transparent  version  of  this  relationship  is 

(v-  D-l-  |^(v^  -  1) 

- iMo - 


dJo 


\UolEo\-dx 


where  v  =  TqITa  and  p  =  da^EolhTA-  The  parameter  p  is  the  dimensionless  ratio 
of  the  power  generated  by  a  uniform  electric  field  in  a  slab  of  thickness  d  and  con¬ 
ductivity  a  A  to  the  power  lost  by  conduction  at  the  slab  surface  with  temperature 
Ta-  Since  p  is  proportional  to  Eq,  the  relationship  (15-16)  implicitly  gives  the  tem¬ 
perature  To  as  function  of  the  incident  power.  This  is  our  fundamental  relationship 
which  we  ‘  t.ve  also  derived  in  a  more  rigorous  mathematical  manner  in  Reference 
8. 


LIMITING  CASES 

We  shall  now  deduce  from  our  above  results  two  limiting  cases  which  we  have 
studied  elsewhere.  In  the  first  limit  we  take  d  — »  0  and  hold  k\  and  k  fixed.  This  is 
the  thin  slab  approximation  in  which  the  solution  of  (2)  reduces  to  Uq  =  Eq.  In  this 
limit  the  electric  field  is  uniform  throughout  the  ceramic.  Equation  (16)  remains 
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valid  and  Q  becomes  one.  The  resulting  expression  is  identical  to  the  one  obtained 
in  Reference  [1]  which  was  deduced  by  a  formal  mathematical  approach. 

The  second  limit  is  the  case  where  d  oo  and  a  — ►  0,  independently.  First,  we 
let  d  — *■  00  with  k  and  ki  held  fixed.  In  this  limit  we  deduce  that  Uq  behaves  as 
a  damped  plane  wave  which  propagates  into  the  slab.  Computing  Q  and  inserting 
the  results  into  (15-16)  we  obtain  an  expression  for  p  as  a  function  of  v.  Taking 
the  limit  of  this  formula  as  <7  —  0,  we  obtain  the  result  presented  in  [3]  which  was 
obtained  by  completely  different  reasoning.  This  is  the  case  of  a  very  thick  ceramic 
slab  with  weak  losses. 

EXAMPLES  AND  DISCUSSIONS 

An  examination  of  the  conductivity  data  in  [9]  shows  that  the  exponential  repre¬ 
sentation 

<t(T/T^)  =  a^explxiT/T^  -  1)]  (17) 

is  an  appropriate  conductivity  model  for  certain  ceramic  materials.  Substituting 
(17)  into  (15-16),  performing  the  necessary  integration  to  obtain  Q  from  (16),  and 
inserting  these  expressions  into  (15)  implicitly  gives  u  as  a  function  of  p.  Figure  1 
displays  this  relationship  for  82/ Bi  =  a  =  0.1,  rr^/wfi  -  fi  =  0.001,  kid  =  1.414, 
kd  =  1,  and  x  =  0.78.  We  observe  from  the  figure  that  u  is  a  multivalued  function 
of  p;  the  lower  and  upper  branches  represents  stable  steady  state  temperatures 
by  virtue  of  our  analysis  found  in  Reference  8.  The  middle  branch  accordingly  is 
unstable.  When  the  power  is  increased  steadily  from  zero  the  temperature  follows 
the  lower  branch  until  reaching  the  first  critical  power,  pd.  At  this  point  the 
process  of  loosing  thermal  energy  to  the  surrounding  medium  is  saturated,  in  the 
sense  that  any  increase  in  microwave  power  will  destroy  the  possibility  of  a  steady 
state  temperature  distribution.  Thus,  when  the  power  is  increase  beyond  this  point 
the  temperature  jumps  to  the  upper  branch  at  If  the  temperature  Vc2  is  greater 
than  the  melting  temperature,  then  the  sample  will  melt  and  the  ceramic  slab  will 
be  destroyed. 

We  next  show  the  effect  of  changing  the  thickness  of  the  slab,  d,  in  Figure  2. 
In  all  three  cases  we  kept  a  -  0.1,  x  =  -78,  and  p  =  0.001  and  set  {kd,kid)  = 
(1.,2.),(.25.  .5),  and  (.0625,  .125).  We  find  that  the  effect  of  decreasing  d  is  to 
decrease  p^  and  increase  the  corresponding  temperature.  Thus,  as  d  — ►  0  the 
curve  approaches  the  result  of  the  thin  slab  [8]  where  the  hysteresis  effect  is  lost. 
Since  the  electric  field  is  a  constant  in  the  thin  slab  model,  it  is  clear  that  the 
hysterisis  effect  is  caused  by  the  temperature  dependence  of  the  electric  field  in  the 
present  theory.  The  upper  temperature  branch  comes  about  because  the  electrical 
conductivity  begins  to  quench  the  electric  field  within  the  ceramic  and  this  in  turn 
reduces  heating. 

On  the  other  hand,  we  observe  from  Figure  2  that  pc2  increases  and  Uczdecreases 
as  d  is  made  larger.  In  the  limit  as  d  —  oc  the  curve  will  become  monotonic  so  that 
a  given  p  yields  only  one  value  of  v.  Thus  in  this  limit,  we  reproduce  the  thick  slab 
results  [3]. 
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CONCLUSIONS 

We  have  presented  a  simple  mathematical  analysis  of  a  microwave  irradiated 
ceramic  slab  in  the  small  biot  number  limit  in  which  ihe  slab  is  essentially  insulated. 
The  relatively  small  amount  of  heat  loss  at  the  surface  accounts  forthe  multivalued 
temperature  response  as  a  function  of  microwi-./e  power.  The  upper  branch  of 
the  temperature  response  curve  owes  its  existence  to  a  nonlinear  skin  effect  which 
tends  to  shield  the  ceramic  at  high  temperatures  from  the  incident  microwave. 
This  multivalued  response  gives  a  plausible  explanation  for  the  thermal  runaway 
phenomenon  which  often  occurs  in  the  microwave  sintering  of  ceramics. 

This  work  was  supported  by  the  Air  Force  Office  of  Scientific  Research 
Under  Grant  No.  AFOSR  91-0252 
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ABSTRACT 

Models  for  nonthermal  effects  on  ionic  motion  during  microwa*  e  heating  of  crystalline 
solids  are  proposed  to  explain  the  anomolous  reductions  of  activation  energy  for  diffusion  and  the 
overall  faster  kinetics  noted  in  microwave  sintering  experiments  and  oi’ier  microwave  processing 
studies.  Radiation  energy  couples  into  low  frequency  elastic  oscillatio  is,  generating  a  nonthermal 
phonon  distribution  that  enhances  ion  mobility  and  diffusion  rates,  it  is  argued  that  the  e^ect  of 
the  microwaves  is  not  to  reduce  the  activation  energy,  but  rather  to  render  the  use  of  a  ’Boltzmann" 
thermal  mode!  inappropriate  for  the  inference  of  activation  energy  from  sintering-rate  or  tracer- 
diffusion  data.  Mechanisms  are  discussed  for  how  such  photon^honon  coupli'.g  might  occur. 

INTRODUCTION 

Numerous  researchers  have  investigated  the  use  of  microwave  radiation  for  sintering 
ceramics.[l]  Most  of  these  studies  have  been  motivated  by  the  expectation  of  more  uniform  and 
rapid  heating,  since  the  microwave  radiation  is  absorbed  directly  inside  the  object,  ratlter  than 
dqtending  on  inward  conduction  from  the  surface.  Thus,  microwave  sintering  might  yield  some  of 
the  advantages  of  hot  pressing  (microstructural  uniformity,  strength,  theoretical  density,  etc.)  while 
permitting  efficient,  pressureless  processing  of  complicated,  premachined  shapes,  as  in 
conventional  sintering. 

Experimental  results  supporting  such  expectations  have  been  recently  reported. [2-4] 
Moreover,  the  da^i  repotted  in  these  studies  suggest  that  different  microscopic  mechanisms  for  the 
motion  of  ions  are  responsible  for  the  differences  between  microwave  and  conventional  sintering. 
For  example,  experiments  with  alumina  suggest  an  apparent  reduction  in  activation  energy  of  60- 
70%  during  microwave  sintering  when  compared  with  conventional  (pressureless)  sintering.[2] 
Specifically,  the  activation  energy  inferred  from  Arrhenius  plots  of  densification  rates  for  the 
conventional  process  was  575  kJ/molc  (-  6  cV),  compared  to  an  inferred  activation  energy  of  170 
kJ/mole  ( -  1.8  eV)  for  the  microwave  process.  In  both  approaches  equal  bulk  "temperatures"  were 
maintained  based  on  thermocouple  measurements.  In  similar  measurements  with  single  crystal 

18  2- 

sapphire,[3]  microwave  heating  was  observed  to  yield  enhanced  tracer  diffusion  kinetics  tor  O  . 
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For  the  single  crystal  experiments,  empirically  inferred  activation  energies  for  ion  diffusion  based 
on  a  thermal  process  model  were  20%  lower  for  microwave  versus  conventional  healing.  [3] 

NONTHERMAL  HYPOTHESIS 

In  another  paper, [S]  we  argued  that  for  the  parameter  regimes  relevant  to  sintering,  the 
activation  energy  is  largely  determined  by  intrinsic  characteristics  of  the  polycrystalline  compound- 
-i.e.,  the  atomic  bonds  and  molecular  structure.  Hence,  it  is  very  improbable  that  microwave 
heating  alters  either  the  atomic/molecular  structure  or  the  activation  energy.  For  an  alternative 
explanation,  we  must  recognize  that  inferring  activation  energy  values  from  plots  of  logarithms  of 
densification  rates  versus  inverse  thermocouple  readings  assumes  two  things; 

1.  the  ion  thermal  motions  are  characterized  by  a  thermalized  Maxwell-Boltzmann  energy 

distribution,  and 

2.  the  measuring  device  (e.g.,  ihermocoupie,  IR  pyrometer,  optical  fiber)  provides  an 

accurate  measure  of  the  average  kinetic  energy  of  the  ions-specifically,  the 
"temperature"  for  a  Maxwell-Boltzmann  distribution. 

In  the  case  of  microwave  sintering,  it  is  possible  that  one  or  both,  of  these  assumptions  is 
incorrect.  Thus,  the  effects  of  the  microwaves  would  not  be  to  reduce  the  activation  energy,  but 
rather  to  render  the  use  of  a  "Boltzmann-like"  thermal  model  inappropriate  for  the  inference  of 
aciivaticn  energy.  In  particular,  we  propose  that  the  microwave  radiation  excites  a  nonihermal 
phonon  distribution  in  the  (poly)crystalline  lattice.  This  translates  into  a  ncnthermal  (i.e.,  non- 
Boltzmann)  tnergy  distribution,  thereby  enhancing  the  mobility  of  crystal  lattice  ions. 
Ultimately,  this  leads  to  enhanced  pc'  n  defect  diffusion  and  to  enhanced  sintering  rates.  It  is  also 
believed  that  similar  ncnthermal  effects  are  responsible  for  unusual  observations  reported  in  other 
microwave  heating  processes. (6]  in  the  remainder  of  this  paper,  we  briefly  review  candidate 
channels  for  resonant  generation  of  ncnthermal  phonon  disuibutions  ano  thrn  outime  how  the 
corresponding  ncnthermal  ion  energy  distribution,  can  lead  to  apparent  enhaicen  ent  of  point  defect 
mobility. 

GENERATION  OF  NONTHERMAL  PHONON  DISTRIBUTIONS 

In  conventional  sintering,  hot  gas  molecules  collide  with  surface  ions  of  the  ceramic 
compact.  Thus,  kinetic  energy  first  transfers  to  those  ions  on  the  macroscopic  surface,  followed 
by  subsequent  conduction  to  the  ceramic  bulk  interior.  Since  the  surrounding  gas  molecule.s  have 
a  Boltzmann  distrib’Uicn  of  random  thermal  motion,  it  is  reasonable  to  assume  that  this  heating 
process  maintains  a  thermal,  Maxwell-Boltzmann  distribution  for  the  random  vibrations  of  ions  in 
the  (poly)Crystalline  lattice,  i.e., 

tth(E)= (1) 
VjtT3/2 

where  E  is  the  ion  energy  and  T  is  the  temperature  (in  energy  units).  Corresponding  to  this 
thermal  disuibudon  of  ion  vibrauonal  energy  is  a  "thermal"  partitioning  of  ion  vibrations  amongst 
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(he  lattice  phonon  fireqaencies-i.e..  a  thermal  phonon  distribution.!?]  Since  the  phonons  obey 
Bose-Einstein  statistics,  the  thermal  phonon  distribution  can  be  written  in  the  form[8] 

,  ,  .  3V  (0^  do) 

fth(«9)=  — — T  (2) 

2ii2  va^  e^w/T  .  i 


where  V  is  the  volume,  Va  is  the  acoustic  speed,  and  we  have  used  the  Debye  approximaiion.[9] 
For  conventional  vacuum  sintering,  radiant  heat  transfer  would  dominate.  However,  one  can 
expect  that  the  resisdvely  heated  oven  element-characterized  by  a  thermal  energy  distribution-will 
radiate  a  "thermal”  photon  spectrum.  In  heating  the  ceramic  specimen,  this  thermal  radiation 
spectrum  should  also  lead  to  a  thermal  Boltzmann  energy  distribution-i.e.,  "reciprocity".  Hence, 
conventional  heating  can  be  expected  to  lead  to  thermal  ion  energy  and  crystal  phonon 
distributions,  regardless  of  whedier  conduction  or  radiant  heat  transfer  dominates. 

Microwave  heating,  however,  involves  a  time-harmonic  perturbation  of  the  lattice 
through  ionic  polarization.  If  the  microwave  frequency  satisfies  resonance  with  one  or  more 
normal  mode  oscillations,  then  a  considerable  amount  of  coherent,  oscillatory  motion  will  be 
pumped  into  those  resonant  modes.  The  resulting  nonthermal  phonon  distribution  will  be 
determined  by  dynamic  balance  between  the  excitation  of  the  resonant  phonons  and  the  nonlinear 
"thermalization"  of  these  driven  phonons  into  other  phonons.  It  is  also  reasonable  to  expect  that 
the  net  ion  energy  distribution  resulting  from  microwave  heating  will  not  be  a  pure  Maxwell- 
Boltzmann  distribution.  This  is  usually  the  case  in  resonant  microwave  heating  of  other  kinetic 
dklectric  media  (e.g.,  plasmas). 

Elsewhere,  we  have  analyzed  channels  for  resonant  coupling  of  microwave  radiation  to 
normal  lattice  modes.[S]  Here,  we  will  summarize  the  results  of  that  discussion.  In  general,  there 
are  two  classes  of  possible  resonant  coupling.  The  first  possibility  involves  direct  resonance 
between  the  microwave  field  and  localiz^  normal  oscillations  in  the  lattice.  Localized  normal 
lattice  modes  at  microwave  frequencies  may  be  associated  with  "weak"  surface  bonds  or 
concentrations  of  point  defects.  This  is  more  likely  to  occur  in  poiycrystalline  ionic  solids, 
especially  in  the  green,  pre-sinteied  state.  Localized  excess  charge  concentrations  can  also  lead  to 
direct  microwave  frequency  resonance  with  phonons.[5]  Causes  of  localized  charge  imbalance  may 
include  transition  metal  impurities,  although  we  expect  the  impurity  fraction  to  be  extremely 
small  in  high-purity  ceramics.  Free  surface,  grain  boundaries  and  dislocations  (because  of  their 
structural  role  in  the  creation  of  lattice  vacancies  and  because  of  'he  difference  in  formation  energy 
of  intrinsic  cation  and  anion  vacancies)  can  create  localized  excess  charge  in  the  lattice  even  in 
high-purity  compounds  not  containing  transition  metal  cations.  Thus,  in  poiycrystalline 
compounds,  the  possibility  exists  for  stimulating  microwave-frequency  phonons  near  extended 
lattice  defects.  Further  discussions  on  thc.se  and  other  "microwave-regime”  lattice  resonances  can 
be  found  elsewhere.!  10] 

The  second  possible  class  of  resonant  microwave  coupling  involves  coupling  between 
electromagnetic  (microwave)  and  elastic  (phonon)  traveling  waves.!ll,12]  Because  of  the  large 
difference  in  phase  velocities  of  the  electromagnetic  wave  (near  speed  of  light)  and  the  elastic  wave 
(acoustic  speed),  such  coupling  is  necessarily  a  nonlinear,  multi-wave  mixing  process  (e.g., 
inverse  Brillioun  scattering).  Ordinarily,  one  docs  not  consider  structural  ceramics  as  examples  of 
nonlinear  dielectric  media.  At  the  elevated  temperatures  characteristic  of  sintering,  however,  a 
nonlinear  dielectric  response  can  be  expected  due  to  the  targe  ion  vibration  amplitudes.!S,  12] 

We  have  identified  several  candidate  channels  for  nonlinear  three-wave  resonance.  First  is 
a  mode  in  which  two  large  amplimdc  electromagnetic  waves  with  frequencies  0)i  and  (02  couple 
with  a  low  frequency  (radio  frequency  or  lower)  elastic  wave  having  frequency  £la-  The  feasibility 
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of  this  process  depends  on  the  microwave  power  source  having  an  operating  frequency  bandwidth, 
AoVo)  in  the  range  10*^  2  Aa/a  i  10'^  (a  very  realistic  assumption).  The  two  electromagnetic 
frequencies  would  fall  within  the  microwave  source  bandwidth  lo]]  -  Q)2l  ^  Aco.  Resonant  energy 
transfer  to  the  elastic  wave  would  occur  when  toi  -  (02  =  Qa- 

A  second  three-wave  mixing  channel  is  possible  between  two  clastic  waves,  with 
frequencies  fl)  and  Cl2<  and  the  electromagnetic  wave  with  (microwave)  frequency  coem-  In  this 
case,  energy  is  resonandy  transferred  from  the  electromagnetic  wave  to  one  of  the  elastic  waves- 
say,  the  second  one  at  tnem  =  -  021- 

NONTHERMAL  ION  ENERGY  DISTRIBUTIONS 

It  can  be  expected  that  a  lattice  characterized  by  a  nonthermal  phonon  distribution  will  be 
likewise  characterized  by  a  nonthermal  ion  energy  distribution.  We  are  unsure  (at  this  time)  what 
forms  the  nonthermal  phonon  distribution  and  nonthermal  ion  energy  distribution  acquire  during 
intense  microwave  heating.  However,  it  is  clear  that  point  defect  mobility  (and  thus  sintering 
rates)  is  most  sensitive  to  the  high  energy  tail  of  the  distribution,  while  measurements  with 
standard  tcmperauirc  diagnostics  (such  as  thermocouples)  are  more  sensitive  to  "bulk"  features  of 
the  distribution.  This  distinction  has  important  implications  which  we  illustrate  by  assuming  a 
particular  fonn  for  the  nonthermal  ion  energy  distribution  and  showing  the  implications  for 
enhanced  ion  mobility. 

To  begin  with,  we  imagine  an  idealized  crystal  lattice  in  which  an  ion  finds  itself  situated 
beside  a  point  defect  (vacancy),  as  in  Fig.  1 .  The  mobility  of  the  point  defect-directly  relevant  to 
the  diffusion  flux  and  sintering  rates-is  proportional  to  the  probability  that  a  neighboring  ion  will 
surmount  the  potential  energy  barrier  Vb  and  thereby  effect  an  ion/vacancy  exchange.  The 
probability  that  a  neighboring  ion  will  occupy  the  vacancy  can  be  calculated  by  integrating  the  ion 
energy  distribution  function  f(E): 

P(E>Vb)=  r  f(E)dE  (3) 

•^Vb 

For  a  thermal  process,  we  can  take  the  ion  energy  distribution  to  be  the  Maxwell-Boltzmann 
distribution  of  Eq.(l). 

As  mentioned  earlier,  we  are  still  uncertain  of  the  form  of  the  nonthermal  energy 
distribution  induced  by  microwave  heating.  However,  for  illustrative  purposes,  we  assume  that  the 
energy  distribution  induced  by  microwave  heating  consists  of  an  energetic,  superthermal  ion 
population  superimposed  on  a  "thermalized"  background  of  ion  energies.  We  model  this  by  a 
"two- temperature"  energy  distribution: 

f„j  (E)  =  Vi  (  (1  -  A)  -h  A  (|^)3'2  e-E^st  )  (4) 

where  Tb  is  the  'bulk  temperature"  in  energy  units  (as  measured  by  a  thermocouple,  for  example), 
Tst  is  the  characteristic  energy  of  the  superthermal  (nonthermal)  component  of  ion  energies,  and  A 
is  the  fraction  of  ions  in  the  superthermal  component  of  the  distribution  function.  As  we  shall 
see,  even  small  deviations  from  a  thermal  energy  distribution  (i.e.,  small  values  of  A)  can 
significantly  affect  point  defect  mobility,  as  characterized  by  the  probability  of  ion/vacancy 
cxchange--i.e.,  Eq.(3).  Examples  of  the  two  distributions  are  portrayed  in  Fig.  2. 
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Fig.L  Idealized  crystal  lattice  and  associated  potential  energy  function  in  the  presence  of  a 
point  d^ect  (vacancy) 


normalized  energy,  E/Tb 

Fig.  2.  Examples  of  thermal  and  nonthermal  distributions,  according  to  Eqs.  (1)  and  (4). 
For  the  nonthermal  case.  A  =  0.1  and  T^t  =  4 
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For  illustration,  we  calculate  Eq.(3)  for  both  a  ihennal  [Eq.(l)]  and  a  nonthermal  [£q.(4)] 
ion  energy  distribution.  For  the  nonthermal  case,  we  consider  the  particular  distribution  plotted  in 
Fig.  2,  for  which  Tjt  =  4  Tp  and  A  =  0.1  (a  small  deviation  from  the  thermal  distribution).  For 
both  distributions,  it  is  assumed  that  a  conventional  "temperature"  diagnostic  (such  as  a 
thermocouple)  would  measure  the  mean  energy  of  the  distribution,  <E>.  For  the  thermal 
distribution,  (E)tj,  -  Tb,  while  for  the  nonthermal  distribution,  our  particuto  choices  of  A  and  Tst 
yield  <E)nt  ~  1.3Tb  which  we  approximate  as  (E)nt  -  1.3Tb  Tb  (for  reasons  that  will  be  clear 
shortly).  In  Fig.  3,  we  plot  Eq.  (3)  as  a  function  of  the  normalized  bulk  temperature  Tp/Vp  for 
both  the  thermal  and  nonthermal  distributions.  V/e  ooserve  that  the  probability  of  point  defect 
motion  is  significantly  enhanced  (by  orders  of  magnitude)  for  the  nonthermal  distribution, 
especially  at  lower  values  of  Tj^p-  ***  difference,  the  30%  error  associated  with 

the  approximation  (E>nt  ~  l.STp  =  Tp  is  not  considered  serious. 


0.0  0.1  0.2  0.3 


normalized  bulk  temperature,  Tp'Vb 

Fig.3.  Probability  of  point  defect  motion  for  both  a  thermal  energy  (Maxwell-Boltzmann) 
distribution  (Eq.(I)l  and  a  “two-temperature"  nonthermal  distribution  IEq.(4)J.  For  'the 
nonthermal  case  the  deviation  from  thermal  distribution  is  slight:  Tst  ThandA^O.l. 

The  reason  that  a  small.  30%  difference  in  the  mean  energy  (E>  (between  the  thermal  and 
nonthermal  distributions)  leads  to  orders  of  magnitude  difference  in  the  probability  of  point  defect 
motion,  P(E  >  Vp),  is  that  the  excess  energy  in  the  nonthermal  case  is  disuibuted  in  the  high 
energy  tail,  where  P(E  >  Vp)  is  most  sensitively  affected.  In  like  manner,  we  hypothesize  that  a 
similar  phenomenon  is  responsible  for  the  observations  of  apparent  enhancement  of  diffusion  and 
sintering  rates  during  a  comparison  of  microwave  versus  conventional  heating  of  ionic  solids. 
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SUMMARY  I 

We  have  proposed  that  observations  of  enhanced  diffusion  and  sintering  rates  in  I 

microwave  (versus  conventional)  sintering  are  due  to  a  nonthermal  energy  (or  phonon)  distribution  I 

induced  by  the  intense  microwave  radiation  field.  This  is  most  likely  the  case  if  the  microwave 
radiation  resonantly  couples  to  specific  elastic  waves  or  normal  modes  of  oscillation  in  the  crystal 
lattice.  The  possibilities  for  coupling  to  normal  mode  oscillations  appear  greater  in 
polycrystalline  media  (versus  single  crystal)  due  to  additional  effects  associated  with  surfaces,  grain 
boundaries,  and  concentrations  of  point  defects.  Alternatively,  microscopic  spatial  nonuniformity 
in  microwave  heating  may  yield  several  populations  of  ions,  each  characterized  by  a  different 
"temperature”.  Averaged  over  a  macroscopic  region,  this  would  appear  as  a  nonthermal  energy 
distribution,  similar  to  the  one  considered  in  this  paper  [cf.  Eq.  (4)]. 

While  the  exact  nonthermal  energy  (or  phonon)  distribution  during  intense  microwave 
heating  is  still  unknown,  we  have  explored  a  hypothetical  nonthermal  ion  energy  distribution. 

This  exercise  established  that  even  small  deviations  from  a  thermal  distribution  could  lead  to  large 
changes  in  the  mobility  of  point  defects.  Several  important  questions  can  now  be  posed:  (1)  what 
are  the  exact  forms  of  the  lattice  phonon  and  ion  energy  distributions  during  intense  microwave 
heating  of  ionic  solids?,  and  (2)  what  are  the  exact  mechanisms  for  microwave-to-phonon  energy 
transfer  during  microwave  sintering?  Future  work  at  the  University  of  Wisconsin  is  focused  on 
these  and  related  questions. 
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ABSTRACT 

The  popularity  of  microwave  processing  of  materials  continues  to  grow  and  as  a  result 
there  is  a  need  for  numerical  models  that  can  help  the  design  of  cavity  and  applicators 
for  specific  applications.  The  Method  of  Moments  and  a  Finite  Element  Method  have 
been  used  to  predict  the  heating  behaviour  of  dielectric  materials  in  multi-rTrade  cavities 
at  ^.45  GHz.  A  brief  description  of  each  method  will  be  given  and  comparative 
strengths  and  weaknesses  wiH  be  discussed. 

INTRODUCTION 

There  is  a  continued  growth  in  the  popularity  of  microwave  processing  of  materials. 
The  potential  for  increased  productivity,  reduced  costs  and  improved  material 
performance  are  the  major  reasons  for  interest  in  this  technology.  In  order  for  these 
benefits  to  manifest  themselves  in  the  end  products,  there  is  a  need  to  Improve  our 
basic  understanding  of  the  radiation/matter  interaction  and  to  improve  the  distribution  of 
electric  fields  inside  microwave  furnaces.  Mathematical  modelling  can  be  a  very  useful 
tool  with  which  to  improve  our  understanding  of  these  problems.  Until  recently,  there 
was  very  little  activity  in  the  modelling  of  microwave  heating  pherKxnena  in  multi-mode 
cavities.  This  paper  will  briefly  describe  two  techniques  that  can  be  applied  to  such 
problems  and  will  present  some  examples  in  the  use  of  modelling  for  materials 
processing. 

NUMERICAL  TECHNIQUES 

Mathematical  modelling  is  the  representation  of  real  life  phenomena  in  terms  of  a  set  of 
mathematicat  expressions.  The  degree  of  complexity  that  can  be  included  in  a  model  is 
related  to  the  computer  memory  needed  to  specify  the  problem  (geometry)  and  the 
processing  time  needed  to  obtain  solutions.  Because  of  these  limitations,  the  degree  of 
reality  incorporated  in  a  model  can  be  limited  These  limitations  can  also  influence  the 
choice  of  numerical  techniques  used  in  solving  a  problem.  A  Finite  Difference 
method  (refs.  1  and  2),  a  Finite  Element  method  or  the  Method  of  Moments  could  be 
used.  We  will  describe  the  latter  two  techniques  that  have  been  used  for  material 
applications  in  our  research  effort. 
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THE  METHOD  OF  MOMENTS 


This  method  has  been  used  extensively  for  electromagnetic  modelling  in  the  field  of 
radar  cross-section  and  to  predict  radiation  patterns  of  antennae.  In  these  applications 
the  scattering  bodies  are  far  away  from  the  source  and  the  electric  field  of  interest  is  in 
the  far  field  regime,  which  is  the  simplest  numerical  condition.  However  in  microwave 
processing  near  field  regions  must  be  included  since  typically  the  load  to  be  treated  is 
close  to  the  source  (-30  cm).  In  an  application  like  radar  cross-section,  the  interesting 
quantities  are  the  reflected  fields,  all  surfaces  modelled  are  good  conductors  and  there 
is  no  need  for  loss  mechanisms  to  be  included.  In  microwave  processing,  the  load  to 
be  treated  is  lossy  and  this,  in  addition  to  the  need  to  examine  near  fields,  poses  an 
additional  complexity  in  the  use  of  the  Method  of  Moments. 

In  order  to  simplify  the  numerical  computations,  many  electromagnetic  scattering 
problems  are  solved  in  the  wire-grid  approximation.  Since  a  conducting  wire  mesh 
behaves  electromagnetically  approximately  like  a  solid  surface,  it  is  possible  to  replace 
the  surfaces  of  interest  with  a  coherent  wire  grid.  Some  care  has  to  be  taken  with 
respect  to  the  mesh  size  (smaller  then  the  wavelength),  the  wire  spacing  and  the  wire 
radius.  Good  operating  rules  are  krwwn  for  these  parameters  and  the  theoretic^  work 
deriving  them  can  be  found  in  refs.  3  and  4.  When  building  a  model,  the  furnace  walls 
and  any  reflecting  elements  inside  the  cavity  are  replaced  by  a  wire  grid  (figure  1).  As 
far  as  the  load  is  concerned,  you  can  also  replace  the  solid  with  a  wire  grid  but  typically 
the  grid  has  a  higher  density  (because  the  wavelength  is  smaller  in  the  material).  This 
is  apparent  in  figure  1  »4iere  the  load  here  has  e’^9  and  the  density  is  higher  then  the 
walls  of  the  cavity.  At  2.45  Ghz,  /ls12.2  cm  so  the  walls  need  tc  have  a  wire  spacing  of 
~3cm  and  about  -fern  in  the  load  (i.e.  <tgjf"12  and  <*ioad*'*)-  order  to  predict  the 
power  density  in  the  load,  it  is  necessary  to  add  lumped  elements  to  the  load  wires  to 
represent  the  dielectric  material  properties.  A  resistor  and  a  capacitor  in  parallel  are 
added  at  each  node  of  the  wires.  The  resistor  is  related  to  c'\  and  the  capacitor  to  e'p 

The  source  of  microwaves  in  this  particular  model  is  represented  by  a  number  of  strong 
emitting  dipoles  (4  typically)  located  near  the  roof  of  the  furnace.  Some  empirical  work 
is  needed  in  the  beginning  to  test  which  configuration  of  antenna  give  the  most  realistic 
field  (infra-red  imaging  is  a  useful  technique  here).  When  this  configuration  is  known, 
all  models  for  a  given  furnace  can  use  the  same.  In  the  Method  of  Moments,  plane 
waves  emitted  from  the  antenna  propagate  in  the  space  defined  by  the  wire  grid,  some 
fields  are  reflected  and  some  are  absorbed  in  the  load.  This  electromagnetic  scattering 
problem  is  formulated  in  terms  of  induced  currents  in  all  the  parts  present  (load  and 
walls).  The  field  absorbed  by  the  load  induces  current  in  the  lumped  wires  and  the 
power  absorbed  can  be  calculated.  There  are  many  ways  to  solve  for  these  induced 
currents  (see  refs.  5  and  6)  and  most  of  them  are  based  on  integral  equations.  These 
integral  equations  are  derived  from  Maxwell’s  equations  and  the  boundary  conditions  of 
the  problem  of  interest.  The  Method  of  Moments  is  a  set  of  procedures  to  transform 
these  integral  equations  into  a  set  of  linear  equations  from  which  the  currents  can  be 
extracted  using  known  matrix  algebra  techniques.  The  mathematical  details  of 
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this  technique  is  beyond  the  scope  of  this  paper  but  the  interested  reader  can  consuit 
ref.  7.  The  modei  deveioped  using  this  technique  for  the  materiai  described  above 
required  1550  dipole  modes  (number  of  unknowns)  with  storage  requirements  of  10  Mb 
for  the  complex  array  to  be  inverted. 


Figure  1.  Moment  method  wire  grid  model  for  1/4  oven  and  load. 

RESULTS 

Figure  2  shows  the  electric  field  in  the  empty  furnace.  This  type  of  computation  is 
necessary  to  make  sure  that  the  model  can  reproduce  the  incoherent  mode  pattern 
found  hi  a  multimode  cavity. 

In  this  figure,  the  bottom  plane  is  the  reflecting  surface  at  the  bottom  of  the  cavity  and  the 
light  gray  pattern  represents  a  certain  (iso-surface  contour)  value  of  the  electric  field  for  a 
5  cm  region  above  the  cavity  bottom. 

Figure  3  shows  the  power  density  inside  the  load  (in  this  case  the  extent  of  the 
boundaries  represent  the  toad  not  the  oven  walls),  it  is  quite  clear  that  we  have  two  hot 
spots  near  the  edge  of  the  load  (e'pc9,e*f»1.6).  Again  the  bottom  plane  represents  the 
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Figure  2.  Eleciric  field  for  an  empty  oven. 


bottom  of  the  load  and  Iso-surface  contours  (the  light  gray  3D  shape)  emerging  from  the 
bottom  represent  the  high  values  of  the  power  absorbed  through  the  depth  of  the  load. 
Obviously,  in  order  to  reduce  thermal  stress,  we  would  like  to  "spread*  this  heating  zone 
and  that  can  be  accomplished  experimentally  by  adding  reflecting  elements  on  top  of  tfie 
load.  The  model  prediction  for  the  power  absorbed  in  the  presence  of  these  reflecting 
elements  is  shown  in  figure  4.  Cleaily  the  load  will  now  be  able  to  heat  more  uniformly  (at 
least  until  the  dielectric  properties  changel).  Heat  transfer  and  temperature  dependence 
of  the  dielectric  properties  is  not  taken  into  account  here.  Furthermore  all  of  the  results 
are  qualitative  since  we  are  interested  in  the  spatial  distribution  of  the  power  delivery 
rather  than  the  absolute  values  of  the  fields  or  absorbed  power.  This  example  shows 
how  a  modelling  technique  can  help  in  designing  improvements  inside  the  furnace. 

There  are  thrue  important  limitations  related  to  the  application  of  this  technique.  They 
are  geometric,  microwave  source  and  materials  modelling  constraints.  The  modelling  of 
circular  or  elliptical  shapes  is  difficult  because  of  the  way  we  build  our  grid,  i.e.  it  is 
difficult  to  handle  curved  surfaces  and  have  the  correct  lumped  impedances.  For  the 
same  reasons  we  are  limited  to  rectangular  furnaces.  This  is  an  important  limitation 
since  in  some  applications  for  continuous  processing  we  need  more  freedom  in  our 
choice  of  geometry.  In  terms  of  materials,  it  is  easy  to  model  homogenous,  "non- 
composite"  materials  but  other  kinds  of  materials  are  either  impossible  (metallic 
laminates)  or  a  giant  "bookeeping  nightmare",  as  it  is  difficult  to  keep  track  of  the 
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different  impedances  needed  in  the  model  and  furthermore  the  boundaries  between 
different  types  of  ntaterials  become  nebulous.  In  terms  of  modelling  the  source,  it  would 
be  desirable  to  have  the  physical  waveguide  launch  itself  modelled  instead  of  relying  on 
secondary  effects  from  antennas  because  it  would  then  be  possible  to  test  how  the 
power  level  has  an  effect  on  the  processing  and  also  if  there  is  advantage  in  using 
shields  near  the  launch.  By  relying  on  a  secondary  technique  to  represent  the  source  as 
we  do  in  the  Method  of  Moments,  neither  of  these  tests  are  available. 


Figure  3.  Power  density  for  the  toad  calculated  by  the  method  of  moments. 

THE  FINITE  ELEMENT  METHOD  (FEM) 

Knowledge  of  the  limitations  inherent  in  the  Method  of  Moments  leads  one  to  examine 
other  techniques  such  as  the  finite  element  method  in  order  to  address  these  issues.  The 
finite  element  method  is  based  on  variational  principles.  A  finite  element  analysis 
determines  the  electric  field  distribution  by  minimizing  the  energy  in  each  element.  To 
calculate  the  field  it  is  necessary  to  build  a  model  of  the  furnace,  the  air  and  the  load  with 
threedimc'.sional  pieces  that  can  have  various  shapes  and  sizes.  As  in  the  previous 
technique  when  the  dielectric  constant  is  higher,  the  mesh  density  is  higher.  Because 
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the  elements  are  net  confined  to  be  rectangular  prisms,  different  shapes  of  furnaces  or 
loads  can  be  modelled  which  is  a  big  advantage  for  this  technique.  Figure  5  shows  a 
quarter  model  of  a  rectangular  furnace  wilh  a  dielectric  load  in  the  centre  (the  centre  line 
is  the  closest  to  the  viewer).  This  model  consisted  of  6700  elements  and  required 
2  hours  of  CPU  time  on  a  convex  C240.  Notice  the  higher  mesh  density  in  the  load  and 
the  transition  mesh  from  dielectric  to  air.  In  this  model  the  waveguide  feed  is  located  in 
the  centre  on  the  roof  of  the  oven.  Using  this  technique,  the  exact  electric  field  at  the 
launching  point  can  be  used.  In  this  case  it  is  a  TE^O  in  a  WR-284  waveguide.  In 
FEM,  we  can  put  the  waveguide  feed  anywhere  and  also  we  can  use  any  shape  of 
furnace  we  ne^  which  is  important  when  considering  continuous  processing. 


Figure  4.  Power  density  for  the  load  in  the  presence  of  reflecting  elements  calculated 
by  the  method  of  moments. 

The  transition  mesh  from  high  to  lower  mesh  density  can  be  a  source  of  problems  when 
calculating  the  electric  field.  A  *nnn-physicar  mesh  would  manifest  itself  by  a  very  high 
density  of  electric  field  in  that  region  when  there  is  no  reason  for  such  behavior.  Such  a 
transition  mesh  creates  artificial  boundaries  that  breaks  the  piecewise  continuity  needed 
for  a  coherent  solution  throughout  the  model. 
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Figure  5.  Finite  element  mesh  for  1/4  oven  and  load. 

In  terms  of  material  modelling,  FEM  can  handle  a  larger  variety  of  problems  because  of 
the  ability  to  mix  layers  of  different  materials  with  different  conductivities  or  dielectric 
values  easily.  If  we  want  to  model  metallic  laminates,  all  there  is  to  do  is  to  use  surface 
elements  for  the  metallic  parts.  In  FEM  we  can  use  line,  surface  or  3  dimensional 
elements,  bringing  versatility  to  the  difterent  contigurations  of  materials  that  can  be 
treated.  Of  course  not  only  the  electric  field  can  be  deduced  but  also  the  power 
absorbed  in  the  load  and  the  induced  current  in  the  difterent  conductors  if  there  are  some 
in  the  model.  When  looking  at  magnetic  materials,  FEM  gives  the  best  way  to  predict  the 
magnetic  energy  density  since  all  elements  have  their  own  material  properties,  including 
permeability,  attached  to  them. 

One  of  the  drawbacks  of  FEM  is  that  model  building  is  more  tedious  especially  with 
regards  to  construction  of  the  transition  mesh  or  air  present  in  the  furnace.  As  a  result 
"quick  runs'  to  test  a  few  alterations  to  a  furnace  are  not  as  practical.  However 
commercially  available  preprocessors  and  automatic  meshers  are  available  and  do  help. 

CONCLUSION 

Because  of  the  airrent  interest  in  microwave  processing  and  the  challenging  problems 
that  lurk  in  the  future  in  terms  of  scale-up  and  continuous  processing,  there  is  a  need  to 
establish  mathematical  models  that  can  guide  our  understanding  of  heating  mechanisms 
and  the  design  of  applicators.  This  paper  presented  two  techniques  that  have  proven 
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useful  in  our  experience.  Specific  applications  have  been  presented  or  discussed  and 
the  limitations  of  the  techniques  have  been  explained.  Mathematical  modelling  will  never 
replace  experimental  work,  but  it  can  provide  direction  for  the  selection  of  the  important 
tests  to  be  performed  experimentally. 
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Section  IV.  Dielectric  Measurements 


MEASUREMENT  OF  DIELECTRIC  PROPERTIES  IN  THE  FREQUENCY  RANGE  OF 
300  MHz  TO  3  GHz  AS  A  FUNCTION  OF  TEMPERATURE  AND  DENSITY 


Johanna  B.  Salsman 
U.  S.  Bureau  of  Mines 
Tuscaloosa  Research  Center 
Tuscaloosa,  AL  35486. 


ABSTRACT 

As  part  of  the  research  effort  on  investigating  the  effects  of  microwave  energy  on  the  chemical 
and  physical  properties  of  minerals  and  ores,  the  U.  S.  Bureau  of  Mines,  Tuscaloosa  Research 
Center  has  conducted  an  extensive  research  program  on  identifying  those  properties  of  minerals 
that  are  affected  by  microwave  energy,  namely  the  dielectric  constant  and  loss  tangent.  The 
objective  was  to  establish  a  reliable  data  base  for  predicting  the  effects  of  microwave  heating  on 
minerals. 

The  dielectric  constant  and  loss  tangent  of  minerals,  commonly  referred  to  as  the  dielectric 
properties,  were  determined  utilizing  the  theory  of  microwave  propagation  through  an  open-ended 
air  filled  coaxial  line  that  was  terminated  at  its  open  end  with  the' particular  mineral  under 
investigation  and  measuring  the  reflection  coefficient  of  the  mineral  with  a  network  analyzer. 
From  the  measured  values  of  the  reflection  coefficient,  the  dielectric  properties  of  the  mineral 
could  be  determined. 

The  dielectric  properties  of  powdered  minerals  with  medium  to  high  electrical  conductivities  (tan5 
.01)  were  measured  in  the  frequency  range  of  300  MHz  to  3  GHz.  Since  the  minerals  were 
prepared  as  powders,  techniques  were  used  to  relate  the  measured  dielectric  properties  of  the 
powdered  minerals  to  the  dielectric  properties  of  the  mineral  at  its  theoretical  or  natural  density. 
Also,  these  measurements  were  performed  as  a  function  of  temperature,  from  25®  to  325°  C. 

The  results  of  the  dielectric  constants  and  loss  tangents  using  this  method  tvere  determined  to  be 
precise  within  ±5  pet.  This  report  describes  the  method  of  measurement  and  discusses  the 
results  of  the  Bureau’s  investigations  into  dielectric  properties  of  minerals  with  the  inclusion  of 
typical  measured  data. 

INTRODUCTION 

Major  research  efforts  are  underway  worldwide  on  the  use  of  microwave  energy  in  various 
processing  techniques.  Deterrents  to  these  research  efforts  are  the  lack  of  sufficient  data  on  the 
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electrical  pfx>pertie8  of  materials  (including  minerals)  and  the  lack  of  personnel  trained  in 
microwave  processing  technology.  It  is  very  likely  that  microwave  energy  may  offer  many 
advantages  to  minerals  beneficiation  and  processing  techniques;  however,  it  is  difficult  to  exploit 
these  advantages  without  an  understanding  of  the  electrical  properties  of  minerals.  At  the 
microwave  heating  frequencies,  30  MHz  to  3  GHz,  these  properties  are  often  referred  to  as  the 
dielectric  properties  of  minerals,  namely  the  dielectric  constant  and  the  loss  tangent.  The 
dielectric  constant  determines  how  much  energy  can  be  stored  in  a  material  while  the  loss  tangent 
is  proportional  to  the  amount  of  energy  that  is  lost  as  heat.  The  product  of  these  two  terms,  the 
dielectric  loss  factor,  determines  how  well  a  material  will  absorb  microwave  energy. 

Microwave  technology  is  beginning  to  find  many  successful  uses  in  industrial  applications  other 
than  food  preparation.  Recent  investigations  of  the  use  of  microwave  energy  as  a  heat  source 
in  materials  processing  techniques  have  shown  several  advantages  over  conventional  methods  of 
heating.  For  example,  studies  conducted  on  microwave  processing  of  ceramics  and  composite 
materials  have  shown  improved  microstructural  properties  in  the  final  product  along  with  a 
reduction  in  energy  requirements  and  processing  times  [1*3].  However,  research  is  limited  in 
this  area  because  the  dielectric  properties  of  minerals  and  most  materials  at  microwave  heating 
frequencies  are  virtually  unknown.  In  order  to  predict  whether  microwave  energy  may  be  a 
viable  tool  for  use  in  the  minerals  industry,  these  properties  must  be  known,  otherwise  trial  and 
error  methods  are  the  only  alternative. 

MEASUREMENT  OF  THE  DIELECTRIC  PROPERTIES  OF  MINERALS 

The  Bureau  of  Mines,  Tuscaloosa  Research  Center  has  developed  a  successful  method  for 
measuring  the  dielectric  constant  and  loss  tangent  of  minerals  using  an  open-ended  coaxial  line 
and  a  network  analyzer  that  has  an  operational  frequency  range  of  300  kHz  to  3  GHz.  This 
method  is  very  versatile  since  it  allows  for  the  measurement  of  the  dielectric  properties  of 
minerals  at  microwave  heating  frequencies.  It  is  also  capable  of  measuring  liquids,  solids,  and 
powders.  The  measurement  system  incorporated  a  heating  device  and  a  variable  density  chamber 
to  allow  for  the  measurement  of  dielectric  properties  as  a  function  of  temperature  and  density. 
The  combination  of  all  these  various  capabilities  in  the  measurement  system  significantly  adds 
to  its  overall  effectiveness  and  versatility. 

Theory  of  Measurement 

The  method  of  measuring  the  dielectric  constant,  c,’,  and  loss  factor,  e,*,  involves  placing  the 
mineral  sample,  the  load  shown  in  figure  1,  at  the  end  of  an  open-ended  coaxial  line  and 
measuring  the  input  reflection  coefficient,  F*,  as  seen  at  the  end  of  the  line.  By  knowing  F*,  the 
dielectric  properties  can  be  determined. 


1  Ao  r - 
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Figure  1.  The  Equivalent  Circuit  of  a  Sample  at  the  End  of  a  Coaxial  Line. 
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MithennUically,  the  input  reflection  coefficient  can  be  calculated  firom  the  expression  given  in 
the  following  equation  [4]: 

p.  .  (1) 

1  ♦  juZjiC^t,*  *  Cj  ) 


where  I**  is  the  complex  input  reflection  coefficient,  S>  is  the  angular  frequency,  —  Ixf,  f  is  the 
frequency,  C„  and  C,  are  fringing  capacitances  associated  with  the  coaxial  line,  Z,  is  the 
impedance  of  the  coaxial  line,  and  £,*  is  the  complex  dielectric  constant. 


Rearranging  equation  1  and  solving  for  e,*  yields: 

1  -  r* 


y«z,c,(i  ♦  n  c. 


(2) 


The  complex  dielectric  constant,  e  *,  can  also  be  expressed  by; 

e;  =  e;-j£,‘  (3) 

where  e,‘  is  the  dielectric  constant,  and  £,*  is  the  loss  factor.  Similarly  the  complex  input 
reflection  coefficient  can  be  expressed  as: 

P  =  Fcos^  +  jFsin^  (4) 

where  F  is  the  magnitude  of  the  complex  input  refection  coefficient  and  ip  is  the  phase.  By 
substituting  equations  3  and  4  into  equation  2  and  separating  equation  2  into  its  real  and 
imaginary  parts,  the  dielectric  properties  can  be  determined.  Equations  5  and  6  are  the 
mathematical  representation  of  the  dielectric  constant  and  loss  factor,  respectively,  and  may  be 
used  to  calculate  the  dielectric  properties  of  the  load  at  the  end  of  the  coaxial  line,  given  all  other 
terms  in  the  equations  are  known  or  can  be  evaluated. 

,  •  _ _ _ El  (5) 

'  «Z,C,(1  ♦  2reos(i>  ♦  r  *)  c. 


c 


_ 1  -  F* _ 

»z,c,(i  ♦  2i^g>  ♦ 


(6) 


Since  Z,  is  the  impedance  of  the  line  and  is  constant  and  the  values  of  F  and  <p  are  measured, 
one  only  needs  to  determine  the  values  of  C,  and  C„  the  fringing  capacitances  of  the  line,  to 
determine  the  dielectric  constant,  loss  factor,  and  thus  the  loss  tangent  of  the  material  at  the  end 
of  the  open-end  coaxial  line. 
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Detenniiud.oii  of  C,  «nd  C, 


The  detenninatioa  of  C,  and  C,  can  become  quite  cumbersome  and  tiring;  however,  it  is  crucial 
to  the  measurement  technique  [5].  First,  solve  equations  S  and  6  in  terms  of  the  capacitances 
C,  and  respectively. 


_ 1  -  r* _ 

«Z,e/(l  ♦  2rcosf  ♦ 


(7) 


-2rbin<p 


uZ,e,*(l  ♦  2rcasip  ♦  T  ^ 


e.’C. 


(8) 


From  equations  7  and  8,  C.  and  C,  can  be  determined  through  an  iterative  process.  The 
procedure  begins  with  placing  materials  of  known  dielectric  properties  at  the  end  of  the  open- 
ended  coaxial  line  and  measuring  the  magnitude  and  phase  of  the  reflection  coefficient  at  the  end 
of  the  line,  i.e.  the  input  reflection  coefficient. 

For  a  first  approximation,  assume  C,  equal  to  zero.  Using  equatioi;  7  and  a  material  with  high 
dielectric  properties,  calculate  a  value  of  C,.  Using  this  value  of  C„  place  a  material  with  low 
dielectric  properties  at  the  end  of  the  coaxial  line  and  measure  the  input  reflection  coefficient. 
From  equation  8  calculate  a  value  of  C,.  Using  equation  8  again  and  this  new  value  of  Q, 
calculate  a  new  value  of  C,  with  measured  reflection  coefficient  data  from  a  new  material  with 
high  dielectric  properties.  Call  this  new  C„  C„.  In  order  to  judge  whether  these  values  of 
c^Mcitances  are  suitable  values  of  C,  and  C,,  compare  C,  and  C,,.  If  they  are  not  equal,  the 
iteration  must  continue  a  number  of  times  using  the  last  calculated  values  of  C,,  or  C,,,  and  C, 
until  the  values  of  the  capacitances  C,  and  C,,  converge.  This  process  must  be  repeated  for 
every  measurement  frequency  since  the  fringing  capacitances  change  with  frequency. 

Selection  of  Reference  Materials  for  Determining  Capacitances 

The  high  loss  materials  chosen  to  determine  the  fringing  capacitance  were  saline  solutions  since 
their  dielectric  properties  could  be  calculated  as  a  function  of  temperature,  normality,  and 
frequency  [6].  Two  of  tbe  low  loss  materials  used  were  obtained  from  the  National  Institute  of 
Standards  and  Technology  and  were  cyclohexane  and  1,2  dichloralethane.  Other  low  loss 
reference  materials  used  were  air,  perchloralethylene,  and  teflon.  The  dielectric  properties  of 
the  perchloralethylene  and  teflon  were  measured  previously  by  a  technique  developed  by  the 
Bureau  and  compared  favorably  to  referenced  data  [7].  Salme  solutions  of  normalities  other  than 
those  used  to  determine  the  values  of  the  fringing  capacitances  were  used  to  evaluate  the  errors 
in  the  measurement  procedure.  Table  1  gives  the  error  for  a  0.2  normal  saline  solution  measured 
by  this  technique. 
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Table  1.  A  Gimparison  of  the  Dielectric  Properties  of  Measured  and 
Calculated  Data  for  a  0.2  N  Saline  Solution 


Dielectric  constant 

Los$  factor 

1 _ 

Frequenc/. 

Measured 

Known 

Pet 

Measured 

Known 

Pet 

MHz 

value 

value 

diff. 

value 

value 

diff. 

36.07 

71.5 

75.86 

5.72 

928.29 

914.73 

1.48 

45.41 

73.49 

75.86 

3.12 

736.57 

726.66 

1.36 

57.16 

74.35 

75.86 

1.99 

584.69 

577.30 

1.28 

71.97 

75.14 

75.86 

.95 

464.34 

458.67 

1.24 

90.60 

75.46 

75.85 

.51 

368.88 

364.47 

1.21 

114.05 

75.58 

75.85 

.36 

293.07 

289.68 

1.17 

143.59 

75.64 

75.85 

.28 

233.00 

230.31 

1.17 

180.77 

75.74 

75.85 

.15 

185.33 

183.21 

1.16 

227.57 

75.78 

75.84 

.08 

147.62 

145.86 

1.21 

286.50 

75.78 

75.84 

.08 

117.74 

116.29 

1.25 

360.68 

75.81 

75.83 

.03 

94.14 

92.90 

1.33 

454.07 

75.75 

75.81 

.08 

75.55 

74.46 

1.46 

571.64 

75.79 

75.78 

.01 

60.81 

59.99 

1.37 

719.65 

75.66 

75.74 

.11 

49.45 

48.71 

1.52 

905.98 

75.55 

75.67 

.16 

40.65 

40.02 

1.57 

1,089.23 

75.41 

75.59 

.24 

35.19 

34.63 

1.62 

1,309.55 

75.24 

75.47 

.30 

31.08 

30.40 

2.24 

1,648.62 

74.83 

75.25 

.56 

27.04 

26.55 

1.85 

2,075.49 

74.85 

74.90 

1.40 

23.85 

24.09 

1.00 

2,612.89 

74.81 

74.35 

.62 

22.37 

22.86 

2.14 

3,000.00 

74.43 

73.88 

.74 

22.74 

22.67 

.31 

Determination  of  Density  Effects 

Natural  minerals  come  in  all  shapes  and  sizes.  Many  minerals  are  not  found  in  nature  as  large 
solid  pieces,  but  as  tiny  fragments  mixed  with  all  types  of  other  minerals  which  have  to  be 
separated  in  order  to  acquire  a  pure  sample.  In  the  process  of  separating  the  minerals,  the 
sanq)les  had  to  be  pulverized  to  a  powder.  However,  the  measured  dielectric  properties  of  this 
powdered  mineral  did  not  represent  those  properties  of  that  mineral  found  in  its  natural  state;  thus 
methods  needed  to  be  explored  for  determining  the  dielectric  properties  of  a  material  at  its  natural 
or  theoretical  density  using  data  on  a  powdered  sample,  (i.e.  without  the  influence  of  porosity 
and  high  surface  area  effects). 

Stuart  Nelson  [8]  has  been  conducting  research  on  evaluating  the  dielectric  properties  of  various 
materials  for  the  U.  S.  Department  of  Agriculture  for  several  years.  During  his  studies,  the  need 
arose  to  determine  dielectric  properties  as  a  function  of  density  and  relate  this  information  to 
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those  properties  at  a  different  density.  After  considerable  evaluation,  the  Bureau  used  Nelson’s 
technique  and  incorporated  the  method  into  its  measurement  system. 

It  was  found  that  the  linearity  of  e,*  with  the  density  of  a  powdered-air  mixture  can  be  expressed 

as 


-  mp  ♦  1 

where  m  is  the  slope  of  the  line  and  p  is  the  density  of  the  air-powder  mixture.  The  dielectric 
constant  for  air  at  zero  density  is  unity  for  the  mixture. 

The  quadratic  dependence  of  e,’  and  e,*  on  density  was  expressed  by  Kent  [9]  as 


e,’  -  ap*  -t-  bp  -(•  1 

(10) 

c,*  “  cp’  dp  -f  0 

(11) 

since  at  zero  density,  e,’  1  and  e,*  ==  0.  (a,  b,  c,  and  d  are  constants  for  a  given  material  at 

a  given  frequency.) 

It  becomes  obvious  that  when  squaring  equation  9,  equations  9  and  10  become  equivalent,  where 
a  K  m^  and  b  »  2m.  Thus,  if  this  relationship  holds,  measurements  of  the  dielectric  constant 
of  a  powdered  sample  at  any  one  bulk  density,  along  with  the  p  =  0  and  e,’  =  1  intercept,  will 
provide  enough  information  to  determine  the  dielectric  constant  at  any  density  including  that  of 
a  solid  material. 

A  linear  relationship  between  the  loss  factor  and  density  can  also  be  obtained  by  completing  the 
square  of  equation  1 1  as  shown  below. 

^e’  ♦  t  »  ^p  ♦  nje 


where  e  »  dV4c.  However,  a  single  measurement  will  not  suffice  for  the  evaluation  of  e,‘  since 
the  constant  e  must  be  determined.  Two  measurements  will  be  sufficient  for  the  determination 
of  the  loss  factor  although,  as  more  measurements  are  taken  at  different  densities  the  evaluation 
of  the  slope  term  for  both  the  dielectric  constant  and  loss  factor  becomes  more  precise. 

EXPERIMENTAL  PROCEDURE 

The  measurement  system  consisted  of  an  open-ended  coaxial  line  that  was  connected  to  a 
computer  controlled  network  analyzer  where  the  opposite  end  of  the  coax  was  placed  against  the 
mineral  sample.  The  reflection  coefficient  at  the  coax-mineral  interface  was  measured  by  the 
network  analyzer  in  the  frequency  range  of  300  MHz  to  3  GHz  and  the  dielectric  constant  and 
loss  factor  of  the  mineral  were  computed  as  described  in  the  theoretical  section  of  this  paper. 
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The  Coaxial  Lioe 


The  air  filled  coaxial  line  was  constructed  of  type  307  stainless  steel  and  was  fitted  with  a  7  mm 
AFC  flange  in  order  that  it  could  be  easily  fitted  to  the  network  analyzer.  It  was  necessary  U} 
have  a  very  rigid  coaxial  line  since  hard,  solid  samples  were  to  be  measured.  The  termination 
port  on  the  networir  analyzer  had  an  impedance  of  50  ohms.  For  matching  purposes,  the  coaxial 
line  was  designed  and  constructed  to  mabtain  the  same  impedance  by  the  expression  given  in 
equation  13  and  shown  in  figure  2  (10]. 


Figure  2.  A  Cross-Section  of  A  Typical  Coaxial  Line 

2.-60  ln(i/a)/yi7  (13) 

e,’  in  equation  14  is  the  dielectric  constant  of  the  material  filling  die  coaxial  line,  *b'  is  the  radius 
of  the  outer  conductor,  and  ’a’  is  the  radius  of  the  iimer  conductor.  In  order  to  maintain  an 
inqiedance  of  50  ohms,  from  equation  14,  it  was  necessary  to  maintain  a  ratio  of  2.3  of  the 
conductor  radii,  b  to  a. 

It  became  nece.ssary,  however,  to  insert  a  thin  spacer  at  the  end  of  the  coaxial  line.  The  purpose 
of  the  spacer  was  tv^’ofold;  1)  it  held  the  center  conductor  in  place  preventing  it  from  moving  off 
center  inside  the  coaxial  line,  and  2),  it  prevented  materials  from  creeping  up  into  the  line  during 
the  measurement  procedure.  To  compensate  for  the  spacer  at  the  end  of  the  line,  the  conductor 
ratio  in  equation  13  was  adjusted  to  maintain  the  50  ohm  impedance.  Using  2. 1  for  the  dielectric 
constant  of  the  spacer  material,  the  ratio  was  calculated  to  be  3.54.  Thus  the  radius  of  the  inner 
conductor  was  reduced  by  an  amount  to  maintain  this  ratio,  but  only  for  the  end  of  the  line  where 
the  spacer  was  positioned  as  shown  in  figure  S . 


Figure  3.  The  End  of  the  Coaxial  Line  Where  the  Spacer  Was  Placed. 
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The  coaxial  line  was  also  designed  so  impedance  standards  for  calibration  of  the  test  equipment 
such  as  a  short  circuit  and  a  50  ohm  matching  load  could  be  secured  at  its  end.  Calibrating  the 
system  at  the  end  of  the  coaxial  line  enabled  the  measurement  of  the  reflection  coefficient  at  the 
end  of  the  line.  This  eliminated  the  necessity  of  dealing  with  signal  delays  that  are  inherent  in 
the  system  wdien  adding  an  electrical  device  of  a  given  length  away  from  the  calibration  port  of 
the  measurement  equipnxnt. 

The  Network  Analyzer 

The  reflection  coefflcioits  were  measured  with  a  network  analyzer'  in  conjunction  with  a 
transmission/reflection  test  set^.  The  network  analyzer  had  an  operational  frequency  range  of  300 
kHz  to  3  GHz.  The  test  set  was  connected  to  the  coaxial  line.  The  analyzer  supplied  a  signal 
to  the  end  of  the  coaxial  line  and  measured  the  magnitude  and  phase  of  the  applied  and  reflected 
voltage  by  means  of  a  high  resolution  synthesized  signal  source  and  a  dual  channel  three-input 
receiver.  Comparison  of  these  voltages  gave  the  complex  reflection  coefficient  at  the  end  of  the 
coaxial  line.  The  reflection  coefficient  could  be  displayed  as  real  and  imaginary  parts  or  as 
magnitude  and  phase  in  rectangular  or  polar/Smith  chart  formats.  In  addition,  a  microprocessor 
within  the  network  analyzer  could  compute  the  impedance  at  the  end  of  the  line  from  the 
reflection  coefficient  data.  Through  design,  the  coaxial  line  was  capable  of  fitting  impedance 
standards  at  its  end  which  enabled  reflection  coefficient  measurements  at  the  end  of  the  coaxial 
line. 

The  netwoik  analyzer  was  controlled  by  minicomputer  that  was  programmed  to  transmit  the 
control  sigruils  necessary  to  sweep  the  analyzer  frequency  and  record  the  reflection  coefficient 
data  at  each  frequency  step.  Data  from  the  analyzer  were  transmitted  to  the  computer  where  they 
were  analyzed  to  determine  the  dielectric  properties  of  the  material  at  the  end  of  the  coaxial  line. 

The  Heating  Device 

The  heating  device  consisted  of  two  small  semi-circular  electric  heaters  7.5  cm  in  height  that, 
when  placed  together,  left  a  5  cm  opening  in  the  center.  The  opening  provided  enough  space  to 
place  the  mineral  sample  and  the  coaxial  line.  The  coaxial  line  was  mounted  on  a  stand  which 
also  supported  the  heaters.  An  insulating  box  boused  the  heaters  and  coaxial  line,  and  was  sealed 
to  maintain  an  inert  atmosphere  around  the  sample  during  the  heating  period.  A  positive  pressure 
of  argon  was  maintained  in  the  box  to  eliminate  oxidation  of  the  sample  while  heating.  A  K-type 
thermocouple  was  positioned  along  the  side  of  the  coaxial  line  to  measure  the  surface  temperature 
of  the  material  during  the  heating  and  measurement  cycle. 

The  Density  Chamber 

In  order  to  vary  the  densities  of  the  powdered  mineral  samples  and  measure  the  dielectric 
properties  of  the  minerals  at  various  densities,  a  variable  density  chamber  was  designed  and 
constructed.  A  cylindrical  chamber  was  constructed  of  a  very  low-loss  material.  The  choice  of 


'Hewlett  Packard  Model  #HP8753A* 

^Hewlett  Packard  Model  #HP85044A* 

^Reference  to  specific  products  does  not  imply  endorsement  by  the  U.S.  Bureau  of  Mines. 
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the  low-loss  material  ensured  that  none  of  the  tnusmitt^  signal  was  reflected  from  the  density 
chamber  which  would  interfere  with  the  dielectric  property  measurements.  The  density 
measurements  were  accomplished  by  placing  a  predetermined  amount  of  the  powdered  mineral 
into  the  chamber  of  known  volume.  The  floor  of  the  chamber  was  actually  a  piston  that  allowed 
a  volume  change  inside  the  density  chamber.  The  open  end  of  the  coaxial  line  was  fitted  with 
a  grounding  plate  and  was  secured  on  the  top  of  the  density  chamber.  Once  the  chamber  was 
filled  with  a  mineral  sample,  the  piston  was  moved  in  a  vertical  direction  until  the  sample  was 
seated  against  the  coaxial  line.  The  Smith  Chart  display  on  the  network  analyzer  indicated  when 
the  coaxial  line  and  the  mineral  were  in  contacted  electrically.  The  movement  of  the  piston  floor 
was  calibrated  to  determine  the  volume  change  inside  the  chamber.  By  knowing  the  weight  and 
volume  of  the  sample,  the  density  of  the  powder-air  mixture  was  calculated.  Figure  4  is  a 
drawing  that  depicts  the  apparatus  including  coaxial  line,  heating  device,  and  density  chamber. 
Figure  S  is  a  photograph  of  the  complete  measurement  system. 


Figure  4.  The  Holding  Apparatus  Constructed  for  Measuring  the  Dielectric 
Properties  of  Minerals  as  a  Function  of  Temperature  and  Density. 
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Figure  5.  The  Equipment  for  Measuring  Dielectric  Properties. 


RESULTS 

The  dielectric  properties  of  over  60  minerals  have  been  measured  using  the  technique  described 
above.  For  every  mineral  measured,  the  measurement  frequency  was  swept  from  300  MHz  to 
3  GHz  at  27  MHz  intervals.  Each  mineral  was  measured  at  a  minimum  of  three  different 
densities  and,  at  each  density,  dielectric  property  data  was  taken  at  temperatures  of  25°,  75°, 
100°,  125°,  175°,  200°,  225°,  275°,  300°,  and  325°  C.  It  was  found  that  the  dielectric 
properties  of  the  minerals  generally  increased  with  increasing  temperature,  indicating  that  the 
materials  become  more  absorbent  of  microwave  energy  as  they  were  heated.  However,  the 
mineral  chalcocite,  CtuS,  displayed  a  very  different  trend.  While  heating  the  Cu^S,  the  dielectric 
constant  and  loss  factor  decreased  after  the  mineral  reached  100°  C  instead  of  increasing  as  was 
expected.  After  investigating  this  phenomena,  it  was  found  that  Cu^S  experienced  a  phase  change 
at  100°  C,  where  its  crystalline  structure  changed  from  an  orthrombic  to  isometric  [11],  None 
of  the  other  minerals  evaluated  displayed  similar  characteristics.  However,  crystalline  phase 
changes  of  the  other  minerals  occurred  at  a  much  higher  temperature  than  the  capabilities  of  the 
measurement  system.  If  the  heating  device  were  capable  of  temperatures  above  325°  C,  it  is 
believed  that  similar  changes  would  have  been  observed.  Figure  5  depicts  the  dielectric  constant 
and  loss  factor  in  graphic  form  for  the  mineral  chalcocite  as  a  function  of  frequency  and  at 
different  temperatures. 

As  an  example  of  typical  dielectric  property  data,  figure  6  displays  the  measured  data  in  graphic 
form  of  the  dielectric  constant  and  loss  factor  for  the  mineral  chalcopyrite,  CuFeS,  in  the 
frequency  range  of  300  MHz  to  3  GHz.  The  data  is  shown  for  the  temperatures  of  25°,  100°, 
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200*,  and  300*  C.  The  treads  in  the  dielectric  properties  for  chalsopyrite  were  similar  to  those 
observed  in  all  the  minerals  measured  by  the  Bureau. 


Figure  6.  The  Dielectric  Properties  of  Chalcocite  at  Elevated  Temperatures 


Figure  7,  The  Dielectric  Properties  of  Chalcopyrite  at  Elevated  Temperatures. 


CONCLUSIONS 

A  technique  for  measuring  dielectric  properties  at  microwave  beating  frequencies  was  developed. 
The  measurement  system  is  completely  computer  controlled  and  will  allow  for  the  measurement 
of  materials  (tani  >.  0.01)  in  the  temperature  range  of  25*  to  325®  C.  The  measurement  system 
was  designed  to  measure  the  dielectric  properties  of  liquids,  solids,  and  powders  and  techniques 
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to  detennine  powder  density  effects  on  dielectric  properties  was  incorporated  into  the  system. 
To  date,  the  Bureau  of  Mines’  Tuscaloosa  Research  Center  has  measured  the  dielectric  properties 
of  over  60  medium  to  high-loss  minerals  and  will  continue  to  provide  basic  data  on  the  dielectric 
properties  of  materials  at  microwave  heating  frequencies  as  a  function  of  temperature.  It  is  the 
desire  of  the  Bureau  to  aid  in  developing  new  and  improved  minerals  and  materials  processing 
techniques  and  it  is  believed  that  an  understanding  of  the  dielectric  properties  of  materials  at 
microwave  heating  frequencies  is  one  of  the  ways  to  accomplish  this  goal. 
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ABSTRACT 

A  microwave  dielectrometer  has  been  developed  for  measur  , 
dielectric  properties  of  various  oxides  and  ceramics  at  up  to  at  ast 
1200  C.  This  system  uses  a  re-entrant  coaxial  cavity  with  a  hoUow 
center  conductor  both  as  a  microwave  heater  and  as  a  test  chamber.  A 
small  cylindrical  sample  is  easily  introduced  into  the  cavity  through 
an  insertion  hole  and  tested  in  the  frequency  band  of  OGHz  while  being 
heated  by  a  txinable  60W  solid  state  source  of  915MH2.  The  sample 
temperature  is  measured  with  an  optical  fiber  thermometer.  The  speed, 
convenience  and  accuracy  of  this  system  may  make  instant  on-line 
measurements  possible. 

In  this  paper,  the  sample  loading  effect  and  the  hole  effect  on 
the  characteristics  of  the  cavity  are  discussed  based  on  the  results 
from  our  mode-matching  analysis.  The  theoretically  predicted 
calibration  curves  for  determining  dielectric  constants  and  loss 
tangents  are  provided  in  polynomial  form.  Error  estimations  are  also 
Included.  The  system  setup  is  described  and  part  of  our  experimental 
results  are  presented  to  demonstrate  the  system  performance. 

INTRODUCTION 

Dielectric  measurements  at  room  temperature  and  at  high 
temperature  differ  in  techniques  rather  than  in  principles.  However, 
only  little  research  has  been  done  on  high  temperature  methods  due  to 
technical  difficulties.  Some  researchers  used  electrical  heaters  and 
invariably  met  with  difficulties  due  to  thermal  insulation  and 
expansion.  Others  utilized  microwave  heating  which  is  obviously  fast 
and  well  localized.  However,  this  approach  has  also  encountered 
certain  difficulties.  The  main  problems  involved  are  the  interference 
of  the  heating  power  with  the  test  signal  and  the  microwave  heating 
dependence  on  the  varying  material  properties,  Though  some  progress 
has  been  made,  temperatures  can  only  reach  several  hundred  degrees  and 
the  range  of  measurable  materials  is  limited  [1-3], 

Our  microwave  dielectrometer  discussed  in  this  paper  is  able  to 
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heat  various  materials,  including  oxides  and  ceramics,  and  measure 
their  dielectric  constants  and  loss  factors  to  temperatures  above 
1200°C.  Three  main  features  characterize  this  system.  (1)  A  coaxial 
re-entrant  cavity  serves  both  as  a  microwave  heater  and  as  a  sample 
test  chamber.  By  virtue  of  a  stroijgly  focused  E-field  in  the 

re-entrant  gap,  a  heating  rate  up  to  700  C/sec.  can  be  achieved.  The 
high  heating  rate,  together  with  the  small  sample  volume  used, 
alleviates  problems  due  to  the  cavity' s  thermal  expansion,  thus 
ensuring  a  higher  measurement  accuracy.  (2)  Heating  and  testing  are 
conducted  at  the  same  time  but  in  different  frequency  bands  —  915MHz 
and  3GHz.  As  a  consequence,  the  test  signal  can  be  easily  separated 

from  the  heating  power  by  a  high  pass  filter.  (3)  The  use  of  the 

sample  insertion  hole  greatly  eases  sample  preparations  and  avoids  the 
typical  air  gap  problem,  making  instant  on-line  measurements  possible. 

CAVITY  CHARACTERISTICS 

The  re-entrant  coaxial  cavity  shown  in  Fig.l  is  a  quasi-TEM 
resonator  with  TEM  field  in  the  coaxial  section  and  TM  fields  in  the 
gap  section  if  the  wavelength  X>2(r2-ri).  Consequently,  it  can  be 
represented  by  a  section  of  uniform  transmission  line  terminated  by  a 
capacitance  which  expresses  the  effect  of  the  gap  field. 

Unfortunately,  such  a  capacitance  is  not  only  frequency  dependent  but 
also  varies  nonlinear  ly  with  sample  load  (4).  It  is  further 
complicated  by  the  modified  gap  fields  due  to  the  presence  of  the 
insertion  hoie.  Experimental  results  have  shown  that  the  sample 

inserted  through  the  holes  results  in  significantly  different  loading 
effects  on  the  cavity  15].  To  understand  these  characteristics,  we 
resort  to  a  numerical  approach  for  field  analysis,  using  a 
mode-matching  formulation.  The  resonant  frequencies  calculated  by 
this  program  are  virtually  the  same  as  those  measured.  The  following 
discussion  is  based  on  the  numerical  results  l6l. 
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Figure  1.  Cross  section  of  coaxial  cavity  used  as  high  temperature 
dielectrometer:rt*0.25,ro=0.375,ri=1.244,r2=20.0,D=0.3,in  cm. 

Numerical  results  show  that  the  presence  of  the  holes  in  the 
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re-entrant  gap  causes  the  gap  capacitance  or  the  gap  E-field  to 
decrease  but  the  effective  sample  length  to  increase.  This  can  be 
demonstrated  by  the  calculated  Ez  field  distribution  shown  in  Fig.  2. 
It  shows  that  (1)  the  peak  gap  field  moves  from  the  center  to  the  edge 
of  the  hole;(2)  the  field  propagation  into  the  hole  is  cutoff;  (3) 
the  insertion  of  high  permittivity  samples  and  the  use  of  a  test  tube 
enhance  the  hole  effects.  To  maintain  an  insertion  hole  below  cutoff, 
the  hole  diameter  should  be  kept  under  X/d.Slv'cr' ). 


(a)  radial  distribution  at  the  midplane  of  the  gap. 


(b)  Axial  distribution  along  the  axis  (z=0,  gap  center). 


Figure  2.  Distribution  of  E-field  in  the  gap  and  hole  area;  r»=0.24, 
n=1.23,  r2=4.51  L=20.5,  D=0.3,  in  cm,  Gr'=20;  in  the  test 
band  at  about  3GHz. 


The  resonant  frequency  shift  produced  by  a  sample  is  plotted  in 
Fig.3.  These  results  reflect  the  gap  field  variations  shown  in 
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Fig.2.  which  means  the  weaker  the  gap  field,  the  smaller  the  shift  in 
resonant  f requency.  Dielectric  measurement  sensitivity  is  determined 
by  the  slope  of  the  frequency  shift  curve.  Therefore, the  hole  effects 
lower  the  sensitivity  but  extend  the  measurable  range  because  a 
smaller  degree  of  detuning  tends  to  lessen  some  difficulties  such  as 
mismatch  and  bandwidth  requirement  for  the  heating  source  in  practical 
measurements.  More  significant  is  the  extended  linear  range  caused  by 
the  hole's  presence.  We  see  that  curveic)  is  almost  a  straight  line 
up  to  cr*=80.  This  is  not  only  a  consequence  of  a  reduction  of  the 
gap  field  but  also  an  outcome  of  an  extension  of  the  hole  field  upon 
insertion  of  higher  permittivity  samples  which  offsets  the  saturation 
phenomena  evident  for  the  normal  case  of  curve  (a). 


Figure  3.  Resonant  frequency  shift  produced  by  sample  in  the  test 
band  at  about  3CHz;  ri=0.24,  ri=1.23,  r2=4.51,  L=20.5, 
D=0.3,  in  cm. 

The  loading  effects  in  the  heating  band  are  demonstrated  in  Fig.  4 
by  the  resonant  frequency  shift  and  the  filling  factor.  The  frequency 
shift  does  not  increase  line2U‘ly  with  er'  because  the  hole  effects  are 
less  significant  at  a  lower  frequency  but  the  detuning  for  cr'=80  is 
nearly  the  same  as  In  the  test  band.  The  filling  factor,  F,is  defined 
here  as  the  ratio  of  stored  energy  in  a  sample,  Ws,  to  that  in  the 
whole  cavity,  Wc,  l.e,  F=Ws/Wc.  According  to  perturbation  theory,  the 
energy  dissipated  in  a  sample.  Wo,  is  directly  proportional  to  its 
stored  energy  and  WD=Wstan6=WcFtanS.  This  indicates  that,  for  a 
constant  loss  tangent,  a  higher  filling  factor  means  more  energy 
dissipated  in  a  sample.  Fig.  4  shows  that  the  filling  factor  increases 
non-linearly  with  the  dielectric  constant.  Therefore,  the  dissipated 
energy  increases  not  only  with  the  the  loss  tangent  but  also  with  the 
dielectric  constant;  both  are  normally  temperature  dependent.  As  a 
result,  the  matching  condition  of  a  sample  loaded  cavity  will  vary 
greatly  while  the  sample  is  being  heated.  A  dynamic  matching  scheme 
is  usually  required. 
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DIELECTRIC  DETERMINATION 


For  a  given  cavity  and  frequency  band,  the  resonant  frequency 
shift  produced  by  a  sample  can  be  readily  calculated  by  the 
mode-matching  analysis  and  thus  a  calibration  curve  can  be  established 
for  determining 
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Figure  4.  Dielectric  loading  effects  in  the  heating  band  at  about 
915MHz;  r«=0.24,ro=0.37.  ri=1.23,  r2=4.51,  L=20.S,  D=0.3,  cm. 

the  dielectric  constant  from  the  measured  frequency  shift.  For 
convenience,  this  curve  can  also  be  expressed  by  linear  equations 

Cr'=l+1.77(Af0)  ISCr'SlO  (1) 

with  an  absolute  error  s±0.1  and 

Cr'=2.687(Afo)-3.9  10<er's75  (2) 

with  a  relative  error  <27.,  where  Afo  is  the  absolute  frequency  shift 
in  MHz.  These  equations  correspond  to  our  cavity  dimensions  shown  in 
Fig.l  and  to  the  frequency  band  of  3GHz  in  which  we  measure.  The 
accuracy  of  the  determined  dielectric  constant  depends  on  the 
uncertainties  of  both  calculated  and  measured  Afo,  i.e., 

AfO~_^^y  .(3(Afo  lolc.^AC  Af  0  )mea«. )  (3) 

a(  Ai  0) 

Since  Afo  is  a  relative  parameter  which  can  be  calculated  and  measured 
quite  accurately,  the  uncertainties  of  6(Afo)c«je.  and  6{Afo)mea».  can 
be  made  less  than  ±0.05MHz  which  produces  a  maximum  Scr'  of  ±0.13.  It 
should  be  noted  that  a  17.  of  variation  in  sample  radius  as  seen  in  the 
unavoidable  looseness  of  a  solid  sample  will  cause  a  27.  error  in  cr' . 
This  error  would  be  much  larger  if  a  sample  holder  was  not  used  {6]. 

The  loss  factor  can  be  determined  from  the  drop  in  cavity  Q  after 
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a  sample  is  loaded.  Using  the  perturbation  theory,  the  loss  factor 
can  be  written  as 


_  foier'-l) 
2Afo 


(l/Qo'-l/Qo) 


(4) 


where  Qo  and  Qo'  are  the  cavity  Q  before  and  after  the  sample  is 
loaded.  This  equation  is  found  to  be  a  valid  approximation  only  for 
Cr's30  if  ri=0.2S  and  D=0.3cm.  For  better  accuracy,  the  loss  factor 
can  be  calculated  from 

cr‘  •  ^-(l/Qo*  -1/Qo)  (5) 

where  the  filling  factor,  F,  can  be  calculated  by  the  mode-matching 
program  and  expressed  by  a  polynomial 

Cr"/F=1000X(2.1+0.128cr'-0.00277cr'  *+2.525X10'®cr'  ^-l.lOSXlO'^cr'  *) 

The  accuracy  in  the  determined  loss  factor  is  mainly  affected  by 
the  errors  in  Q  measurements.  In  a  reflectometer  setup,  the  maximum 
error  of  measured  Q  Is  estimated  to  be  ±107.  and  ±47.  if  the  directivity 
of  the  directional  coupler  is  30dB  and  40dB,  respectively. 

SYSTEM  DESCRIPTION 

The  testing  and  heating  system  is  shown  in  the  block  diagram  of 
Fig.5.  A  scalar  network  analyzer  (HP  8756A)  is  used  in  a  reflectometer 
setup  to  measure  the  reflection  spectrum  of  the  cavity  before  and 
after  a  sample  is  inserted,  from  which  the  frequency  shift  and  Q 
change,  and  therefore,  the.  dielectric  constant  and  loss  factor  are 
determined. 
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Figure  5.  Measurement  system. 

The  cavity  is  the  coaxial  re-entrant  cavity  discussed  above  and  its 
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dimensions  are  given  in  Fig.l.  The  gap  width  is  adjustable  via  a 
non-contact  movable  bucket  short  circuit  which  is  designed  to  give  an 
effective  short  at  both  the  heating  and  testing  frequencies.  The 
inner  surface  of  the  cavity  is  gold-plated,  giving  a  Q-f actor  of  about 
3000  and  1500  at  3GHz  and  915MHz,  respectively,  when  it  is  empty.  The 
cavity  has  two  coupling  loops,  one  for  the  testing  and  the  other  for 
the  heating  channel. 

The  sample  is  contained  in  a  fused  quartz  tube  with  0.71cm  OD  X 
0.5cm  ID.  As  it  is  tested,  the  sample  is  heated  simuitaneously  by  a 
60W  solid  state  915  ±20MHz  power  source.  The  heating  source  provides 
readouts  of  the  incident  and  reflected  power.  A  three  stub  tuner  is 
used  for  matching  the  loaded  cavity. 

A  high  pass  filter  is  connected  between  the  analyzer  and  the 
cavity  to  prevent  the  heating  power  from  being  coupled  into  the 
analyzer  which  is  operated  at  the  test  band.  It  presents  very  low 
insertion  loss  at  3GHz  but  about  60dB  insertion  loss  at  915MHz. 

The  surface  temperature  of  the  sample  is  measured  with  an  optical 
fiber  thermometer*  A  lightpipe  probe  is  positioned  at  the  gap 
center  and  the  edge  of  the  inner  conductor  and  hardly  disturbs  the 
microwave  field.  It  has  a  temperature  range  from  500  -  2000°C  and 
responds^  almost  Instantaneously.  Its  resolution  is  as  high  as  0.1°C 
at  2000  C  but  accuracy  depends  on  the  placement.  We  found  that  the 
temperature  reading  does  not  vary  greatly  with  the  probe-sample 
distance  from  the  sample  but  will  be  misleading  if  the  probe  does  not 
aim  at  the  sample  properly. 

Dielectric  and  temperature  measurements  are  carried  out 
automatically  via  computer  control.  The  maximum  sampling  time  is  one 
second  and  would  be  less  if  the  analyzer  could  transfer  its  data 
fa.ster.  Conversely,  the  heating  rate  can  be  slowed  down  by  reducing 
the  output  level  of  the  heating  source. 

EXPERIMENTAL  RESULTS 

Using  the  high  temperature  dielectric  measurement  system 
described  above,  various  materials,  such  as  zeolite,  silicon  carbide, 
mullite,  alumina,  cupric  oxide,  soda  lime  glass  and  the  like,  have 
been  tested.  The  system  is  first  checked  by  measuring  a  number  of 
well  characterized  liquids  at  room  temperature  and  the  obtained 
results  are  found  to  agree  well  with  the  published  data  [6]. 

Dynamic  data  of  zeolite  powder  (3A,  0.88g/cm^)  being  heated  by  a 
fixed  power  level  of  25W  at  915MHz  are  presented  in  Fig.  6  to 
demonstrate  the  inter-relationship  among  dielectric  properties, 
temperature  emd  heating  rate,  and  the  reflected  power  from  the  cavity. 
When  the  heating  starts,  the  loaded  cavity  is  tuned  to  be  overcoupled 
and  207.  Incoming  power  is  reflected.  As  the  temperature  of  the  sample 
is  rising,  the  sample  becomes  lossier,  whereby  the  cavity  is  first 
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brought  into  a  critical  coupling  or  matched  condition  and  then  shifted 
into  an  over-coupled  condition  which  again  raises  the  reflection.  At 
a  critical  temperature  (about  200“c  for  zeolite),  the  sample's  loss 
and  heating  rate  increase  exponentially.  Temperature  run-away  would 
take  place  if  the  net  power  into  the  sample  was  increased  and  the  heat 
loss  was  eliminated.  Instead,  the  heating  enters  a  stable  phase.  We 
found  that  local  melting  of  zeolite  occurs  around  700  C  and  cavities 
may  thus  formed  in  the  sample.  Density  changes  will  invariably  lead 
to  erroneous  dielectric  data.  Therefore,  local  melting  should  be 
prevented.  Moreover,  a  significant  thermal  expansion  occurs  in  most 
powder  samples.  To  control  the  density,  it  is  necessary  to  press  the 
sample  before  heating  it. 


Figure  6.  Dynamic  heating  curve  of  zeolite  powder  at  a  fixed  input 
power  of  25W  at  915MHz,  showing  varying 
dielectric  properties,  temperature  and  power  reflection. 

Fig.7  is  the  heating  curve  of  mullite  rod  (MV20,  McUanel)  up  to 
1300  C.  It  is  difficult  to  heat  the  sample  at  the  begining  due  to  the 
sample' s  low  loss  at  room  temperature  and  the  heat  loss  via 
conduction.  Therefore,  the  sample  is  inserted  without  using  the  holder 
to  avoid  the  contact  with  metal  walls.  During  heating,  the  power 
level  is  adjusted  to  maintain  a  moderate  heating  rate  of  about  30°C/s. 
The  frequency  of  the  heating  source  is  tuned  to  follow  the  changes  in 
resonant  frequency.  The  stub  tuner  is  held  at  a  fixed  but  optimum 
position  which  can  keep  the  reflection  less  than  10%  for  an  entire 
period  of  the  test.  For  a  long  heating  period,  the  cavity's  thermal 
expansion  will  cause  the  measured  dielectric  constant  to  be  higher 
than  the  true  value.  This  error  can  be  counteracted  by  adjusting  the 
gap  width. 

Fig.  8  shows  the  temperature  dependence  of  the  dielectric 
properties  of  silicon  carbide  powder  (5(X)mesh,  1.88g/cm^).  The  data 
are  taken  while  the  sample  is  cooling  down  after  being  heated  to  about 
1000  C.  The  cooling  curve  is  selected  because  the  dielectric 
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properties  of  silicon  carbide  during  heating  are  found  to  be  rather 
unstable.  Besides,  the  sample  seems  to  have  a  high  thermal 


Temperature(“C) 

Figure  7.  Temperature  dependence  of  dielectric  properties  of  mullite, 
measured  while  the  sample  is  being  heated  by  a  60W,  915MHz 
heating  source. 

conductivity  which  means  that  the  heat  loss  via  conduction  becomes 
more  significant.  In  order  to  heat  the  sample  to  as  a  high  temperature 
as  possible,  matching  has  to  be  conducted  dynamically.  However,  the 
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Figure  8.  Temperature  dependence  of  dielectric  properties  of  silicon 
carbide  powder,  measured  while  the  sample  is  cooling. 

adjustment  of  the  tuner  may  disturb  the  resonant  cuive  in  the  testing 
band,  thus  endangering  the  measurement  reliability.  On  the  other' 
hand,  the  measurement  taken  during  the  cooling  period  is  far  mfre 
stable  and  consistent,  but  it  is  applicable  only  to  thermally 
reversible  materials.  The  microwave  heating  behavior  of  SiC  needs  to 
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be  investigated  further. 


CONCLUSION 

A  high  temperature  microwave  dielectrometer  design  has  been 
presented  which  is  shown  to  be  capable  of  measuring  the  complex 
dielectric  constant  versus  temperature  curve  up  to  at  least  1200°C,  in 
about  20  seconds,  whiie  the  sample  is  being  rapidly  heated  by  60  w  of 
915  MHz  microwave  power.  Small  cylindrical  samples,  of  non-critical 
length,  are  easily  inserted  via  the  use  of  a  hollow  coaxial  center 
conductor.  Calibration  of  the  cavity  is  based  on  a  mode  matching 
anaiysis  which  accurately  predicts  the  sample  loading  and  hole  effects 
on  the  cavity  characteristics.  Dielectric  data  on  the  behavior  of 
silicon  carbide  and  mullite  with  temperature  are  given  to  1300°C.  The 
use  of  a  hollow  center  conductor  is  also  shown  to  linearize  the 
dielectrometer  response  up  to  a  dielectric  constant  value  of  80. 
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Abstract 

Three  different  submicronic  alumina  powders  have  been  analyzed.  The  sintering  and 
microstructural  evolution  of  the  different  green  compacts  have  been  studied  by  dilatometry 
and  SEM,  respectively.  Dense  (>99%th)  alumina  samples  were  used  for  the  measurement 
of  the  dielectric  properties  at  20  GHz.  The  dielectric  properties  have  been  related  to  the 
inqrurities  content,  grain  size  distribution,  porosity,  etc.  The  important  effect  of  small 
quantities  of  MgO  in  solid  solution  on  the  microwave  absorption  of  alumina  compacts  has 
been  pointed  out. 


INTRODUCTION 

The  characterization  of  the  dielectric  properties  of  ceramic  materials  at  high  frequencies  (1  • 
100  GHz)  has  recieved  an  increasing  interest  in  the  last  few  years  due  to  the  needs  of  very 
different  emerging  technologies  like  microwave  heating  for  fusion  qjplications, 
microelectronics,  microwave  sintering,  warm  superconductors,  etc.  Alumina  is  one  of  the 
best  known  ceramic  materials  although  with  respect  to  its  high  firequetscy  dielectric 
properties  (specifically  the  loss  tangent)  it  does  not  show  a  reliable  behaviour  in  different 
samples  of  the  same  quality  produced  by  different  suppliers  and  even  in  sanq^les  of  the 
same  origin  but  different  batches. 

The  origin  of  the  observed  microwave  absorption  and  the  effect  of  the  different  types  of 
defects,  dopants  or  microstructural  characteristics  of  alumina  ceramics  are  not  clearly 
defined  at  present.  As  an  example  of  this  situation,  the  dependence  of  the  loss  tangent  with 
the  grain  size  is  a  matter  of  controversy.  Some  authors  claim  that  fine  grained  alumina  has 
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increased  losses  d\ie  to  the  higher  number  of  grain  boundaries  [1];  however,  recent  results 
indicate  that  it  is  possible  to  obtain  fine  grained  alumina  with  low  losses  and  even  that  there 
is  no  grain  size  dependence  [2]. 

In  the  present  work  the  effect  on  the  dielectric  properties  of  the  sintering  time,  grain  size 
and  microstructure  of  several  alumina  samples  produced  using  high  purity  powders  of 
different  origin  and  characteristics  has  been  studied. 


MATERIALS  AND  METHODS 

Aluminas  with  similar  characteristics  and  different  MgO  content  have  been  selected  for  this 
study.  These  powders  have  been  labeled  as  follows:  (1)  Condea  HPA-0.5  without  MgO, 
(2)  Condea  OTA-O.S,  Mg  with  O.OS  wt%  MgO  as  sintering  aids  and  (3)  Baikalox 
(Baikowsld)  powder  with  very  low  MgO  content  (0.003  wt%).The  characteristics  of  these 
powders  are  reported  in  Table  I. 


Table  1.  Characteristics  of  the  Alumina  Powders. 


ALUMINA  POWDER 

SAMn.E  1* 

SAMPLE  3 

CHENflCAL  ANALYSIS  (wt%) 

SiO, 

0.006 

0.054 

Fe,0, 

0.002 

0.1 

TiO, 

- 

0.01 

CaO 

0.002 

0.008 

MgO 

0.003 

Na,0 

0.02 

KjO 

■  - 

0.01 

AlA 

99.97 

99.36 

SFECmC  SURFACE  AREA  (mVg) 

10 

9 

MEAN  PARTICLE  SIZE  (/on) 

0.5 

0.25 

ie  2  has  the  same  charactenstics  with  0.05^  of  Mg^ 


Green  compacts  have  been  obtained  by  wet  bag  isostatic  pressing  at  207  MPa  (30.000  psi). 
Dynamic  sintering  has  been  studied  by  means  of  dilatortietric  measurements.  Static  sintering 
behaviour  has  been  also  investigated  by  heating  samples  at  ISSO’C  for  holding  times  1, 
l.S,  4  and  SO  hours  in  an  electric  furnace.  The  green  and  final  densities  have  been 
determined  by  Hg  and  HjO  inmersion  methods,  respectively. 

The  microstructure  of  the  sintered  samples  has  been  observed  by  scanning  electron 
microscopy  (SEM)  on  polished  and  thermally  etched  sur^ces.  Grain  size  distribution  have 
been  evaluated  on  SEM  micrographs  by  using  an  image  analyzer.  By  this  method  the 
spherical  equivalent  diameter  is  evaluated  considering  that  the  area  enclosed  by  the  closed 
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boundary  of  a  grain  is  equal  to  that  of  a  circle.  At  least  ISO  grains  per  sample  have  been 
measured. 

The  dielectric  properties  (pennitivity  and  loss  tangent)  have  been  measured  at  20  GHz  at 
room  temperature  from  the  resonant  frequency  and  quality  factor  of  the  cavity  with  and 
without  the  sample  inside  the  cavity  [3].  Our  cylindrical  cavities  work  in  the  TEgi]  mode 
with  haliwidth  around  1  MHz.  The  diameter  of  the  cavity  is  20  mm  and  the  length  can  be 
varied  between  9  to  4S  mm.  They  are  made  of  brass  and  the  powder  is  coupled  through  a 
longitudinal  slot  situated  in  the  cylinder  wall.  With  this  system  it  is  possible  to  measure  the 
pennitivity  in  the  range  between  1  to  30  with  errors  lower  that  O.S  %  and  loss  tangent 
values  as  low  as  10^  with  10%  error  (4].  The  samples  are  disk  shaped  with  10  mm  radius 
and  3mm  height.  The  flatness  between  the  samples  faces  is  better  than  5  pm. 

RESULTS  AND  DISCUSSION 

Dynamic  sintering  measurements  reveal  that  no  significant  differences  between  the  starting 
alumiru  compacts  with  and  without  MgO  addition  exist.  The  addition  of  MgO  does  not 
modify  the  sintering  rate  of  alumiiu,  although  it  leads  to  slightly  higher  final  densities.  This 
is  in  good  agreement  with  other  authors  [S],  but  no  reduced  initial  sintering  rate  for  doped 
alumiru  has  been  observed,  as  proposed  by  other  authors  [6].  The  resulting  fired  densities 
were  higher  than  99%th. 

Figures  1-3  show  the  grain  size  distributions  of  samples  1,  2  and  3  at  diflerent  sintering 
times.  As  can  be  observed,  when  MgO  is  added  the  grain  size  distribution  shifts  to  lower 
values.  Small  MgO  additions  prevent  discontinuous  grain  growth  and  allow  the  material  to 
be  sintered  to  nearly  theoretical  density.  The  effect  of  MgO  can  be  observed  in  Figure  4, 
in  which  SEM  micrographs  of  samples  1  and  2  heated  at  1550*C/50h  are  shown. 
Discontinuous  grain  growth  occurs  in  the  undoped  samples.  Also,  there  are  pores  inside  the 
large  graiiu.  For  these  trapped  pores  the  diffusion  distance  to  the  next  grain  boundary  is 
very  large  and  nearly  inqxissible  to  eliminate.  The  effect  of  the  dopant  is  that  pores  remain 
at  grain  boundaries  until  they  are  elimiiuted. 

The  obtained  pennitivity  values  are  the  typical  ones  observed  for  policrystalline  alumina 

[7] .  There  is  neither  dependence  on  the  powder  origin  nor  on  the  sintering  time.  The  small 
differences  between  the  samples  can  be  correlated  with  density  effects  (Figure  S). 
Theoretical  estimatioiu  for  ceramic  materials  with  spherical  pores  predict  a  linear 
relationship  between  porosity  and  pennitivity  as  long  as  the  porosity  dees  not  exceed  10% 

[8] .  In  the  case  of  alumiru  a  linear  relationship  with  a  slope  of  about  0. 13  [9]  has  been 
observed,  which  is  in  good  agreement  with  that  obtained  in  the  present  woric  (««0.17). 

Conversely,  the  loss  tangent  values  show  a  marked  dependence  on  the  powder  origin. 
Figure  6  shows  the  loss  tangent  as  a  function  of  sintering  time.  For  the  powders  1  and  3 
there  is  no  dependence  on  the  sintering  time,  whereas  powder  2  shows  a  slight  dependence 
for  very  long  times.  The  powder  2  (MgO  doped  sample)  has  loss  tangent  over  a  factor  of 
2  greater  than  the  others.  This  can  explain  the  differences  observed  between  the  samples 
obtained  from  differents  companies  or  even  between  different  batches  of  the  same  material. 
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Figure  !.•  Grain  si's  distribution  of  sample  1  at  different  sintering 
times. 


Figure  2.-  Grain  size  distribution  of  sample  2  at  different  sintering 
times. 
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Figure  3.-  Grain  sue  distribution  of  sample  3  at  different  sintering 
times. 
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Figure  5.-  Linear  variation  of  the  permitivity  versus 
total  density  for  samples  1  (*),  2  (o)  and  3  (e). 


Figure  6.>  Loss  tangent  versus  sintering  tiine  of  samples 
1  (*).  2  (o)  and  3  (a). 


Figure  7  shows  the  loss  tangent  values  as  a  fimction  of  grain  size.  From  this  figure  it  is 
clear  that  there  is  no  dependence  of  the  loss  tangent  on  the  grain  size  distribution.  This 
result  is  in  agreement  wift  previously  mentioned  results  for  high  purity  alumina  grades  [2]. 

It  is  interesting  to  point  out  that  the  only  difference  between  the  powders  1  and  2  is  the 
addition  of  MgO  to  2  as  a  sintering  aid.  This  indicates  that  MgO  is  responsible  for  the 
observed  increase  in  the  loss  tangent  values.  Many  authors  agree  that  precipitation  of  spinel 
at  grain  boundaries  takes  place  for  MgO  concentrations  «:  0.1%.  Consequently  the  MgO 
in  sample  2  (0.05  wt%)  must  be  in  solid  solution  (10,11]. 

Solid  solution  of  MgO  in  AljO]  lattice  induces  the  formation  of  oxygen  vacancies  and 
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prevents  exaggerated  grain  growth  and  consequently  aflects  die  microstiucture  of  the  fired 
compacts.  Therefore,  the  observed  increase  in  the  loss  tangent  values  can  be  explained  by 
either  the  microstructure  changes  or  the  increase  in  the  concentration  of  oxygen  vacancies. 
The  first  possibility  can  be  disregarded  because  no  dependence  on  the  grain  size  fiom  the 
samples  prepared  using  the  same  starting  powder  has  been  observed  (Figure  7).  Then,  the 
higher  losses  observed  in  sample  2  must  be  related  to  the  high  oxygen  vacancy 
concentration.  The  slight  decrease  of  loss  tangent  value  detected  in  MgO-containing  samples 
with  the  sintering  time  may  be  associated  with  precipitation  phenomena. 

It  is  also  interesting  to  point  out  that  powders  2  and  3  have  been  produced  by  different 
suppliers  and  the  type  and  amount  of  impurities  are  quite  different.  However,  there  are  no 
significant  effects  on  the  dielectric  properties,  indicating  that  not  all  the  impurities  induce 
the  effect  observed  for  MgO. 


ts 


I 

o 

5,1®' 


. . . 

1.0  2.0  3.0  4.0 

Mean  grain  size  (/xm) 


Figure  7.-  Loss  tangent  versus  mean  grain  size  of 
samples  !(♦),  2(o)  and  3(e). 


The  microwave  absorption  (directly  related  to  the  loss  tangent)  can  be  expressed  as  the  sum 
of  contributions  from  the  conductivity  of  electrons  or  ions  and  relaxation  processes.  With 
respect  to  the  last  one,  two  kinds  of  contributions  can  be  identified:  1)  large  defects  like 
clusters  and  dipoles  and  2)  polarization  mechanisms  associated  to  point  defects  or  intrinsic 
polarizability  of  the  lattice.  The  formation  of  oxygen  vacancies  gives  rise  to  Mg-vacancy 
dipoles  and  different  types  of  clusters  [12].  These  defects  induce  very  strong  absorption 
processes  at  low  frequencies  as  well  as  changes  in  the  polarizability,  which  means  that  the 
effect  of  MgO  on  the  high  fiequency  dielectric  properties  can  be  associated  with  a  low 
fiequency  maximum  or  with  a  higher  lattice  polarizability  around  the  MgO.  The  low 
frequency  maximum  could  be  due  to  the  ionic  conduction  induced  by  the  presence  of  the 
oxygen  vacancies  or  dipolar  effects  that  appear  as  a  consequence  of  charge  trapping  at  the 
Mg-vacancy  sites.  It  is  known  that  MgO  can  induce  very  strong  absorption  proce-sses  at  low 
frequencies  (IHz  to  10  KHz)  [13].  It  .seems  reasonable  to  relate  the  observed  effect  of  MgO 
in  the  loss  tangent  with  these  types  of  defects. 
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These  results  open  the  possibility  to  control  the  microwave  absorption  of  alumina  by  the 
control  of  dopants.  This  fact  can  be  considered  of  great  interest  in  emerging  technologies 
like  microwave  sinteting,  radiofrequency  heating,  etc.  More  reseach  is  required  in  order 
to  clarify  the  role  of  other  possible  dopants  and  the  mechanism  by  which  MgO  changes  the 
high  frequency  loss  tangent  of  alumina  ceramics. 


CONCLUSIONS 

From  the  results  obtained  in  the  present  work,  the  following  conclusions  can  be  drawn; 

(i)  It  has  been  proved  diat  permitivity  does  not  change  with  the  powder  origin;  it  only 
chuges  with  the  density. 

(ii)  Loss  tangent  depends  neither  or;  grain  size  nor  on  sintering  time,  biit  shows  a  marked 
effect  (increases  by  a  factor  of  ~2)  with  the  addition  of  small  quantities  (O.OS  wt%)  of 
MgO. 
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DIELECTRIC  PROPERTIES  OF  CERAMICS  AT  MICROWAVE 
FREQUENCIES 


N.  H.  Harris,  J.  R.  Chow,  R.  L  Eisenhart  and  B.  M.  Pierce 
Materials  Science  Department,  E1/F150 
Hughes  Aircraft  Company 
El  Segundo,  CA  9024S 


The  dielectric  properties  of  alumina  and  silicon  nitride  have  been  detennined  using  modified 
rectangular  microwave  waveguide  techniques  from  22“  to  900°C  over  8-12  GHz  and  modified  coax 
techniques  from  25”  to  SOOX  over  2-18  GHz.  The  coax  techniques  were  used  to  determine  the 
temperature  and  frequency  dependence  of  the  dielectric  properties  of  silicon  nitride  and  of  phosphate 
bonded  alumina  reinfmc^  with  silicon  carbide  whiskers.  The  coax  techniques  provide  broadband 
dielectric  property  data  that  can  be  applied  to  the  understanding  and  enhancement  of  the  coupling 
behavior  of  ceramics,  especially  in  the  initial  heat-up  period  of  microwave  processing. 


INTRODUCTION 

In  a  recent  reviev>'  of  the  state-of-the  art  in  microwave  processing  of  ceramics  by  Sutton,  it  was 
pointed  out  that  one  of  the  major  obstacles  to  its  widespread  application  in  the  ceramics  industry  is 
the  lack  of  dielectric  properties  data  for  many  ceramic  maters  [1].  The  objective  of  our  study 
was  to  develop  a  method  for  high  temperature  dielectric  property  measurements  over  2  to  18  GHz 
at  elevated  temperatures  and  to  perform  measurements  on  silicon  nitride  and  a  silicon  carbide 
reinforced  alumina  composite.  Measurement  of  the  dielectric  properties  becomes  particularly 
important  when  considering  the  effect  of  impurities  or  the  addition  of  sintering  aids  on  the 
microwave  coupling  of  these  materials  as  a  function  of  temperature  [23]. 

In  Table  I  the  advantages  and  disadvantages  of  three  measurement  techniques  are  compared.  The 
resonant  cavity  is  best  for  low  loss  tangent  materials  but  is  limited  to  a  very  narrow  b^,  is  very 
dimension  sensitive  and  requires  multiple  fixuires  and  samples  to  cover  the  2  to  18  GHz  frequency 
range. 

The  waveguide  method  has  the  advantages  of  a  convenient  rectangular  sample  shape  and  is  the  least 
sensitive  to  the  sample  dimensions.  However,  a  disadvantage  of  the  waveguide  method  is  that  it 
requires  five  sets  of  waveguides,  samples,  calibrations,  and  measurements  to  cover  the  2  to  18  GHz 
range.  In  addition  the  size  of  sample  required  for  the  lower  frequency  waveguides  becomes  very 
large. 

In  contrast  the  coaxial  fixture  covers  the  full  bandwidth  with  only  one  small  (7  mm  outside 
diameter)  sample  and  one  measurement.  More  importantly  the  correction  for  the  air  gap  is  much 
less  complex  than  for  the  rectangular  waveguide  due  to  the  radial  symmetry  of  the  electric  field. 
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Table  1.  Transmission  Line  Measurement  Approach  Comparison 


1.  RESONANT 
CAVITY 

BEST  FOR  LOW 

LOSS  TANGENT  (<0.1) 

VERY  NARROW  BAND 

REQUIRES  MUL  HPLE 

FREQUENCY  SAMPLE  POINTS 

VERY  DIMENSION  SENSITIVE 

2.  WAVEGUIDE 
FDCTURE 

SIMPLE  SAMPLE 

SHAPE 

LEAST  SENSITIVE 

TO  DIMENSIONS 

MODERATE  NUMBER  OF 

BANDS -REQUIRES 

5  OF  EACH  TO  COVER  2  TO  20  GHz 
WAVEGUIDES 

SAMPLES 

CALIBRATIONS,  MEASUREMENTS 

3.  COAXIAL 
nXTURE 

COVERS  FULL  BAND 
REQUIRES  ONLY  ONE 
SAMPLE 

EASIEST  TO  CALIBRATE 

COMPLEX  SAMPLE  SHAPE 

VERY  DIMENSION  SENSITIVE 

SOME  COMPLEXITY 

WITH  CENTER  CONDUCTOR 

The  disadvantages  of  the  coaxial  fixture  include  the  sample  shape  complexity,  the  dimensional 
sensitivity  and  some  complexity  with  the  center  conductor. 

Measurements  were  based  on  a  modification  of  standard  transmission  methods  [4]  in  specially 
prepared  high  temperature  waveguide  and  coax  fixtures  at  Hughes.  The  Hughes  coaxial  fixture 
differs  from  other  high  temperature  coax  fixtures  in  that  it  involves  a  dual  port  transmission 
measurement  which  inherently  provides  greater  sensitivity  than  the  commonly  used  single  port 
techniques. 

The  free  space  method  used  by  W.  Ho  is  readily  adaptable  to  the  use  of  a  furnace  to  obtain 
dielectric  properties  measurements  at  elevated  temperatures  [5].  However  the  free  space  method  is 
limited  to  frequencies  greater  than  30  GHz.  Since  most  commercial  microwave  heating  equipment 
operates  at  0.915  and  2.45  GHz,  some  at  5.8  GHz  and  a  very  few  at  28  GHz,  the  dielectric 
properties  obtainable  by  the  7  mm  coax  in  the  2  to  18  GHz  range  would  be  quite  useful  in 
developing  the  data  base  necessary  for  widespread  utilization  of  microwave  processing  in  ceramics. 

While  the  Hughes  coax  is  limited  to  ultimately  900°C,  by  its  current  materials  of  construction,  it 
has  only  been  used  in  dielectric  measurements  to  500®C.  The  temperature  range  of  ambient  to 
500®C  is  of  interest  in  studying  the  behavior  of  ceramic  materials  during  the  initial  heating  period 
in  the  sintering  process.  It  is  expected  that  the  Hughes  coax  fixture  will  be  useable  to  900‘’C  with 
further  refinements. 


EXPERIMENTAL  PRCXIEDURE 


The  elevated  temperature  transmission  line  microwave  measurements  system  schematic  diagram  is 
shown  in  Figure  1.  The  transmission  line  measurement  utilizes  an  HP8510B  networic  analyzer,  an 
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where  a  is  the  outside  diameter  of  inner  conductor,  b  is  the  inside  diameter  of  the  sample,  b  -  a  is 
the  inner  air  gap,  d  is  the  inside  diameter  of  the  7  mm  coax  fixture,  c  is  the  outside  diameter  of  the 
sample  and  d  -  c  is  the  outer  air  gap.  These  dimensions  are  shown  in  Figure  2.  The  usefulness  of 
this  relation  in  providing  an  air  gap  correction  was  demonstrated  fust  for  the  outside  diameter  (OD) 
correction  in  Figure  3  and  for  the  inside  diameter  (ID)  correction  in  Figure  4  using  a  series  of 
specially  machined  Rexolite**  specimens.  The  correction  in  the  measurement  software  controlling 
the  network  analyzer  totally  eliminated  the  air  gap  effect  for  up  to  a  5.5%  OD  gap  [(d  -  c)/c]  and  for 
as  much  as  a  13.5%  ID  gap  [(b  -  c)/a].  The  magnitude  of  the  gap  correction  can  be  seen  by 
comparison  of  the  corrected  and  uncorrected  data  in  Table  2  and  in  Figures  3  and  4.  The  program 
was  able  to  correct  for  air  gap  dimensions  larger  tlian  the  anticipated  gaps  resulting  from  thermal 
expansion  mismatch  between  the  metal  fixture  and  the  ceramic  specimen. 


*  HP  denotes  products  of  Hewlett-Packard  Co.,  Palo  Alto,  CA. 
•*Rcxolite  is  a  polymer  product  of  Union  Carbide  Co.,  Danbury,  CT. 
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Table  2  Gzp  Dimensions  of  Rexolite  in  Coax  Fixture  at  22^C. 


RX-01 

4.059 

RX-02 

4.084 

RX-03 

4.064 

RX-04 

4.069 

RX-05 

4.072 

RX-06 

4.069 

RX-07 

4.072 

OuWr  Conduaor  tO  •  <n 
OuMr  A»  Qap  (d  •  c) 

’  Sp«can«n  (00 -et 

•  lnn«r  A*  Gw  (b  -  «l 
‘  Mtdr  CoAOucnr  (00  •  a) 


Figure  2.  Coax  Gap  Error  Considerations  (Coax  Cap  Error  Relationship). 
Uneofr«ct#<l  Corractad 


Fraquancy  (GHi)  Fraquancy  (GHi) 

Figure  3.  Coax  Gap  Error  Considerations  (Outside  Diameter  Correction). 
Uncorractad  Corractad 


Fraquancy  (GHz)  Fraquancy  (GHz) 

Figure  4.  Coax  Gap  Error  Considerations  (Inside  Diameter  Correction). 
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In  the  present  study  specimens  were  machined  from  disks  prepared  from  submicron  alumina*** 
mixed  with  10%  phosphoric  acid****  and  from  0  to  S  weight  percent  silicon  carbide 
whiskers*****.  The  materials  were  mixed,  screened  -200  mesh,  and  then  cold  pressed  with  a 
uniaxial  pressure  of  10,000  psi.  The  disks  were  then  cured  at  TSOX  for  4  hours.  After 
machining,  the  specimens  were  dried  in  a  vacuum  oven  at  1S0*C  for  more  than  24  hours.  The 
specimens  were  stored  in  a  desiccator  until  the  dielectric  measurements  were  performed  to  prevent 
misleading  results  due  to  the  absmption  of  moisture  from  the  atmosphere. 

The  dielectric  properties  of  silicon  nitride*  were  determined  from  23°  to  900°C  in  the  X-band 
waveguide.  The  same  silicon  nitride*  was  measured  in  the  coax  fixture  along  with  a  silicon 
nitride**  and  mixtures  of  phosphate  bonded  alumina  with  0, 1.0, 2.3,  and  3.0%  (by  weight)  SiC 
whiskers.  The  gap  sensitivity  measurements  for  the  coax  fixture  dielectric  properties  were 
performed  on  a  series  of  Rexolite  specimens  at  22°C.  The  air  gaps  in  the  Rexolite  specimens  were 
machined  so  that  they  accounted  for  the  anticipated  gaps  resulting  from  the  difference  in  thermal 
expansion  coefficients  of  the  metal  coax  fixture  and  various  ceramic  test  specimens. 


Figure  3.  Dielectric  constant  (real  component)  of  silicon  nitride 
(Kyocera  220)  over  8-12  GHz  from  22°  to  900°C. 


Fraquancy  (GHz) 

Figure  6.  Dielectric  constant  (imaginary  component)  of  silicon  nitride 
(Kyocera  220)  over  8-12  GHz  from  22°  to  900°C. 


*  Silicon  nitride  220M,  slip  cast,  Kyocera,  Nagoya,  Japan. 

**  Silicon  nitride,  Toshiba  Ceramics,  Tokyo,  Japan. 

**•  Alumina,  Grade  A-16-SG,  ALCOA,  Bauxite,  AR. 

****  Phosphoric  acid,  reagent  grade,  J.  T.  Baker  Co.,  Phillipsburg,  NJ. 
*****  Silicon  nitride  whiskers,  ARCO  Specialties  Co.,  NC. 
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RESULTS  AND  DISCUSSION 


The  results  of  the  dielectric  constant  determination  (real  and  imaginary  components  respectively) 
are  shown  in  Figures  5  and  6  for  the  silicon  nitride*  in  the  X-band  waveguide  with  temperatures 
from  25®  to  900®C.  These  results  are  uncorrected  for  air  gaps.  The  air  gap  between  the  test  sample 
and  the  waveguide  increases  with  higher  temperatures  due  to  the  higher  thermal  expansion 
coefficient  of  the  metal  waveguide  compared  with  the  ceramic  test  specimens. 

The  same  silicon  nitride*  was  measured  in  the  coax  fixture  with  the  results  shown  in  Figure  7  for 
both  the  real  and  imaginary  components  of  the  dielectric  constant  for  25®,  200®  and  500  C  each 
over  the  2  to  18  GHz  frequency  range.  The  coax  results  for  another  silicon  nitride**  are  shown  at 
25®  and  500®C  over  the  2  to  18  GHz  frequency  range  in  Figure  8.  The  values  obtained  were  7.5 
+/-  0.5  for  the  real  and  0.2  +/-0.1  for  the  imaginary  component  of  the  dielectric  constant  which 
compare  favorably  with  the  values  reported  by  W.  Ho  at  35  GHz  (Er  =  7.5  -  8.8  at  23®C),  [5],  The 


Frequency  (GHz) 

Figure  7.  Dielectric  cOTstant  vs.  frequency  (2-18  GHz)  of  silicon  nitride  (Kyocera  220) 

at  25®,  200®,  and  500®C. 


Frequency  (GHz) 


Figure  8.  Dielectric  constant  vs.  frequency  (2-18  GHz)  of  silicon  nitride  (Toshiba) 

at25®and500°C. 

*  220M,  slip  cast  silicon  nitride,  Kyocera,  Nagoyajapan. 

**  Silicon  nitride,  Toshiba  Ceramics,  Tokyo,  Japan 
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broad  spectral  results  of  the  coax  method  points  out  that  the  narrow  band  waveguide  results  may  be 
in  question.  As  seen  in  Figure  6  the  imaginary  component  of  the  dielectric  constant  as  measured 
in  a  waveguide  increases  anomalously  at  lower  frequencies  but  remains  relatively  constant  when 
measured  in  a  coax  as  shown  in  Figure  7.  It  has  bem  determined  that  this  effect  is  caused  by  the 
controller  software  and  that  it  can  be  resolved  with  program  modification. 

The  dielectric  constant  real  and  imaginary  components  were  determined  for  a  series  of  phosphate 
bonded  alumina  samples  with  silicon  ct^ide  reinforcing  firom  0  to  S.0%  by  weight.  The  real 
components  are  shown  at  25°C  and  5C0°C  in  Figure  9.  The  imaginary  components  are  shown  at 
25”  and  S00°C  in  Figure  10.  It  can  be  seen  that  at  2S°C  the  effect  of  the  SiC  whisker  additions  is 


2.0  3.8  5.6  7.4  9.2  11.0  12.8  14.6  16.4  18.2 


Frequency  (GHz) 

Figure  9.  Dielectric  constant  (real  component)  vs.  frequency  12- 1»  UHx) 
at  25'’C  for  1-5%  SiCw/Al203  +  10%  H3PO4. 

(Gap  error  correction  and  10%  curve  smoothing). 


2.0  3.8  5.6  7.4  9.2  11.0  12.8  14.6  16.4  18.2 


Frequency  (GHz) 

Figure  10.  Dielectric  constant  (imaginary  component)  vs.  frequency  (2-18  GHz) 
at  500X  for  0-5%  SiCw/Al203  +10%  H3PO4. 

(Gap  error  correction  and  \0%  curve  smoothing). 
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negligible.  However  at  500°C  the  increasing  SiC  content  resulted  in  a  clearly  discemable  increase 
in  both  the  real  and  imaginary  components  of  the  dielectric  constant.  The  higher  imaginary 
component  values  for  the  dielectric  constant  would  be  expected  to  enhance  the  coupling  of  the 
composite  with  microwave  radiation  so  that  faster  heating  rates  would  result  It  is  apparent  that 
mocification  of  the  composition  of  ceramic  materials  is  a  critical  part  of  optimizing  a  material 
system  for  microwave  processing. 

Microwave  processing  of  ceramic  composites  is  a  complex  process.  However  it  is  possible,  with 
semi-empirical  shape  factors,  to  develop  methods  for  predicting  the  dielectric  properties  of 
discontinuous  fiber,  whisker  and  particulate  reinforced  composite  systems.  The  Hughes  coax 
measurement  technique  can  be  used  to  determine  the  shape  factors  necessary  to  design  composites 
optimized  for  microwave  processing. 


CONCLUSION 

A  high  temperature  broad  frequency  band  dielectric  properties  measurement  capability  has  been 
achieved  with  a  Hughes  coax  fixture  design.  A  method  for  correcting  coax  air  gap  errors  was 
developed  and  incorporated  into  the  measurements  software.  The  coax  fixture  demonstrated 
sensitive  broad  band  capability  to  S00°C  for  silicon  nitride  with  dielectric  constant  values  which 
compared  favorably  with  published  data  Increasing  concentrations  of  SiC  whiskers  Ln  a  phosphate 
bonded  alumina  composite  resulted  in  an  increase  in  both  the  real  and  imaginary  dielectric  constant 
values  at  SOO^C.  The  Hughes  coax  design  was  shown  to  be  a  useful  method  for  determining  the 
dielectric  properties  of  ceramic  materials  up  to  S00°C  in  the  frequency  range  of  2  to  18  GHz.  The 
dielectric  properties  data  obtained  with  the  Hughes  coax  system  will  be  useful  in  predicting  the 
response  of  ceramic  materials  during  the  initial  heat  up  period  of  microwave  processing 
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ABSTRACT 

A  free-space  microwave  setup  has  been  used  to  measure  the  dielectric  coastant 
and  loss  tangent  at  temperatures  up  to  850  ®C  in  the  frequency  range  8-40  GHz 
for  several  ceramic  materials.  The  setup  and  technique  are  described,  and  results 
are  presented  for  both  commercially  available  fired  ceramics  and  a  green  alumina 
sample  during  and  after  initial  binder  burnout  and  firing. 

INTRODUCTION 

As  higher  demands  are  placed  on  the  properties  of  ceramics,  more  techniques 
for  in  sim  monitoring  of  these  properties  during  processing  and  smtering  must  be 
employed  for  real  time  feedback  and  quality  control.  Recently,  inicrowaves  have 
been  investigated  for  use  in  industrial  processing  of  ceramics,  glasses,  and 
composites.  The  main  advantages  of  microwave  heating  already  explored  include 
reduction  of  sintering  time  with  very  low  grain  growth  and  a  reduction  of  input 
energy.  These  advantages  result  from  the  rapid  increase  of  the  loss  tangent  with 
increasing  temperature  resulting  in  thermd  runaway.  The  thermal  runaway 
depends  on  the  dielectric  properties,  size,  and  shape  of  the  ceramic  particles  as 
well  as  the  porosity  of  the  pressed  ceramic.  It  is  not  yet  well  understood  how 
these  parameters  affect  sintering.  Varadan  et  al.  [1]  have  suggested  that  since 
experimental  determination  of  loss  tangent  during  sintering  is  time  consuming, 
theoretical  research  involving  computer  simulation  should  be  employed. 
However,  some  benchmark  data  must  be  collected  to  verify  and  refine  theoretical 
models. 

Even  when  microwave  power  is  not  being  used  to  process  the  materials, 
remote  tricrowave  sensors  can  be  used  to  measure  the  properties  of  the  material 
during  processing.  This  is  the  situation  for  the  present  studv.  Microwav? 
sensors  are  ideally  suited  for  this  because  the  antennas  can  easily  be  thermally 
isolated  from  the  process.  Also,  for  anisotropic  materials  such  as  composites, 
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polarization  effects  can  be  measured  to  characterize  the  anisotropic  properties. 

In  addition  to  process  control,  microwave  characterization  as  a  function  of 
temperature  is  important  for  measuring  a  material's  performance  and  suitability 
for  particular  appUcations.  These  include  radomes,  high  temperature  absorbers, 
microwave  joitung  of  thermoplastics,  and  basic  materials  research. 
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Figure  1.  Schematic  diagram  of  high  temperattue,  free-space,  microwave  setup. 
EXPERIMENTAL 


9 


The  experimental  setup  is  shown  in  Fig.  1.  The  spot-focusing  horn  lens 
antennas  have  a  3-dB  beamvvfidth  of  approximately  one  wavelength,  a  focal 
distance  of  30.5  cm.,  and  a  depth  of  focus  up  to  ten  wavelengths.  Diffraction 
effects  at  the  edges  of  the  sample  are  negligible  if  the  minimum  transverse 
dimension  of  the  sample  is  greater  than  three  times  the  E-plane  3-dB  beamwidth 
of  the  antenna  at  its  focus  [2].  The  antennas  are  separated  by  a  distance  equal  to 
twice  the  focal  distance  (61  cm)  with  a  sample  holder  placed  at  the  common  focal 


M 


244 


Microwaves 


plane  of  the  two  antennas  for  measurements  at  room  temperature.  For 
high-temperature  measurements,  the  furnace  with  a  high  temperature  (HT) 
sample  holder  is  placed  at  the  common  focal  plane  of  the  antennas.  The  HT 
sample  holder  is  made  from  quartz  and  it  can  hold  planar  samples  of  cross  section 
15.2  cm  X  15.2  cm.  The  furnace  uses  resistive  heating  panels  on  the  top, 
bottom,  and  two  sides.  The  front  and  back  are  enclosed  only  by  a  glass  wool 
thermal  insulation  which  is  virtually  transparent  to  microwaves  due  to  its  low 
density. 

The  measiuement  system  is  fully  computer  automated.  An  HP  3497A  Data 
Acquisition/Control  Unit  (DA/C)  is  used  for  interfacing  the  computer  with  a 
thermocouple  and  SCR  current  controller.  The  thermocouple  is  placed  in  contact 
with  the  test  sample  near  the  spot  focus  of  the  antennas.  The  temperature  control 
algorithm  has  been  tailored  to  this  particular  furnace  for  optimal  convergence  and 
control.  The  computer  is  also  interfaced  with  the  HP  85  lOB  Network  Analyzer 
(NA).  When  the  temperature  reaches  the  set  point,  the  NA  is  prompted  to  take  a 
sweep.  The  computer  then  sets  the  time  domain  gating  and  downloads  and  stores 
the  S-parameters.  The  furnace  is  again  heated  and  the  process  continues  until  the 
maximum  desired  temperature  is  reached. 

The  measurement  system  is  calibrated  using  a  free-space  TRL  calibration 
technique.  The  letters  TRL’  represent  the  three  standards  used  in  the  calibration, 
namely  Through  connection.  Reflect  or  short,  and  Line  delay.  A  detailed 
discussion  of  this  technique  as  applied  to  this  setup  and  the  resulting  accuracy  is 
described  by  Ghodgaonkar  et  al.  [2-3].  However,  due  to  the  design  of  the 
furnace,  the  sample  holder  is  freestanding  and  it  is  difficult  to  place  the  sample 
holder  exactly  at  the  reference  plane  during  and  after  calibration.  Therefore,  some 
additional  steps  are  taken  to  minimize  errors  due  to  the  incorrect  positioning  the 
sample.  The  first  step  is  to  perform  free-space  TRL  calibration  with  the  standard 
room  temperature  sample  holder  and  measure  Sn  and  S21  of  the  sample.  Next, 
the  furnace  and  HT  sample  holder  are  placed  between  the  antennas  and  TRL 
calibration  is  performed  again.  Then  the  sample  is  placed  in  the  HT  sample 
holder  in  the  furnace.  The  position  of  the  sample  is  adjusted  such  that  the 
measured  Sn  and  S21  are  close  to  the  values  obtained  with  the  standard  sample 
holder.  Then  Sn  and  S2i  are  measured  at  room  temperature  and  stored  in  the 
computer.  The  sample  is  heated  from  ambient  temperature  to  850°C  in  steps  of 
50®C  and  the  S-parameters  are  measured  at  the  50°C  intervals. 

Because  it  is  impossible  to  place  the  sample  exactly  at  the  reference  plane  a 
correction  factor  is  used  to  numerically  introduce  an  electrical  delay  and 
magnitude  offset  to  account  for  the  slight  mis-positioning  of  the  sample.  The 
measured  data  is  corrected  as  follows. 


pSTD 

^11  cHT 
“  oFRT  11 

(1) 

cSTD 

^21 

^21  cHT 
■  .FRT  ^21 
*21 

(2) 

where  the  superscripts  C,  STD,  FRT,  and  HT  indicate  corrected,  standard  room 
temperature  sample  holder,  furnace  room  temperature,  and  furnace  HT  data. 
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respectively.  From  Eqs.  (1)  and  (2)  it  can  be  seen  that  when  the  furnace  room 
temperature  data  is  substituted  for  the  raw  HT  data  the  corrected  data  is  identical 
to  the  standard  room  temperature  data. 

The  transmission  coefficient  (S21)  is  less  affected  by  sample  placement  errors 
because  translation  of  the  sample  does  not  change  the  beam  path  length  and  small 
angle  rotations  only  refracts  the  beam  slightly.  The  same  is  not  true  for  Sjj.  This 
was  seen  experimentally  in  that  the  correction  coefficients  were  an  order  of 
magnitude  smaller  for  S21  than  for  Sjj.  Therefore,  complex  S21  only  was  used 
in  the  calculation  of  the  complex  dielectric  constant,  but  the  correction  factors 
were  still  used. 


DATA  INVERSION 

In  deriving  the  equations  to  be  solved  for  computing  relative  complex 
permittivity  (e,  =  e/  +  i  £,")  from  the  measured  values  of  S21  we  refer  to 
Ghodgaonkar  et  al.  [2].  We  assume  that  the  relative  magnetic  permeability  of  the 
planar  sample  of  thickness  d  is  Pf  =  1+Oi.  S21  is  measur^  using  the  measurement 
system  described  above.  The  complex  transmissiCin  coefficient,  S21,  can  be 
written  in  terms  of  the  parameters  T  and  T: 

S  =1^  (31 

i-rV 

where  F,  the  reflection  coefficient  of  the  air-sample  interface,  and  T  are  given  as 

r  =  (4) 

T  =  c‘“  (5) 

In  Eqs.  4  and  5,  and  k  are  the  normalized  characteristic  impedance  and 
propagation  constant  of  the  sample,  respectively,  and  are  related  to  by 

=  (6) 

k  =  (7) 

where  kg  =  (27C  /  Xq)  and  Xq  is  the  wavelength  in  free-space.  By  use  of  Eqs.  3 
through  7  we  obtain  S21  in  terms  of  e,^.  However,  this  cannot  be  solved  explicitly 
for  tf  so  an  iterative  technique  using  an  initial  guess  for  is  used.  Unique 
determination  of  can  be  achieved  using  the  time  domain  response  of  the  NA. 

The  method  given  by  Eqs.  3-7  is  not  very  accurate  for  loss  tangents  less  than 
0.025.  So,  where  possible  the  thickness  resonance  method  was  used.  This 
technique  utilizes  the  minimum  in  the  magnitude  of  Sn  when  the  thickness  of  the 
sample  is  an  integer  multiple  of  a  half-wavelength.  The  sharpness  of  this 
minimum  can  be  related  to  the  loss  tangent  (tan  5)  of  the  material  by  the  following 
formula. 


tan  S  = 
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where  fo  is  the  frequency  at  the  minimum  and  Af  is  the  difference  in  frequency 
between  the  two  points  which  are  3  dB  above  the  minimum.  Note  that  this  is  not 
a  Q-factor  which  uses  the  frequencies  at  the  half  power  points.  Equation  8  can  be 
derived  analogously  to  the  resonances  on  transmission  lines  derived  by  Jordan 
[4]. 

Free  space  TRL  calibration  accounts  for  the  errors  in  the  S-parameter 
measurements  due  to  multiple  reflections  between  the  horn  lens  antennas  and  the 
surface  of  the  sample,  sample  placement  errors  and  the  effect  of  the  glass  wool 
windows  at  the  front  and  back  of  the  furnace.  Other  sources  of  errors  are 
temperature  gradients  in  the  sample  and  the  thermal  expansion  of  the  sample.  The 
spot-size  of  the  focused  beam  is  around  one  wavelength  (2-4  cm  range  for  8-18 
GHz  frequency  range).  The  estimated  temperature  gradient  across  the  2-4  cm 
spot-size  region  of  the  sample  is  less  than  50*  C  for  a  temperature  of  850  *  C. 
The  materials  tested  have  coefficients  of  thermal  expansion  in  the  range  10"^  to 
10-'^  /*C  which  results  in  negligible  error  in  dielectric  measurement 

In  order  to  see  how  the  properties  of  the  glass  wool  insulation  change  at 
elevated  temperatures,  the  empty  furnace  was  heated  from  room  temperature  to 
850°C  making  measurements  every  50®C.  This  data  shows  that  the  phase  of  S21 
varies  by  ±3.5®  and  its  magnitude  by  ±  O.ldB.  The  magnitude  of  Sjj  is  nearly 
-60  dB  at  room  temperature  and  increases  to  -40  dB  at  850°C.  From  these  error 
limits  tlie  resulting  errors  in  dielectric  constants  and  loss  tangents  can  be 
calculated. 

For  the  samples  discussed  in  this  paper  the  accuracy  of  dielectric  constant 
measurement  is  better  than  ±2%.  For  materials  with  loss  tangents  greater  than 
0.025,  the  measurement  accuracy  in  loss  tangent  is  better  than  ±2%.  The 
measurement  uncertainties  are  large  for  materials  with  loss  tangent  less  than 
0.025.  For  low-loss  materials,  the  loss  tangent  can  be  calculated  from  the 
thickness  resonance  whenever  the  sample  is  an  integer  multiple  of  a 
half-wavelength  thick.  This  method  gave  more  accuracy  for  low  loss  materials 
down  to  loss  tangents  of  0.005.  This  was  verified  by  measuring  several  known 
materials  using  this  method.  The'  lowest  loss  tangent  that  could  be  measured 
satisfactorily  was  that  of  a  PVC  (polyvinyl  chloride)  sample,  which  we  measured 
to  be  0.005  at  14.4  GHz  and  which  has  been  reported  [3]  to  be  0.0051.  Factors 
limiting  the  accuracy  of  this  method  arc  that  the  minimum  dips  below  the  noise 
floor  or  near  the  noise  floor  where  measured  values  Sjj  are  sensitive  to  the  type 
of  time  domain  gating  used.  In  the  case  of  HT  loss  tangent  measurements,  the 
accuracy  is  limited  by  the  somewhat  large  uncertainties  in  Sn.  but  this  is 
moderated  by  the  fact  that  this  method  depends  more  on  relative  magnitudes  of 
Sn  rather  than  the  absolute  magnitude.  In  case  of  very  low-loss  materials  ( tan  5 
<  0.004),  the  thickness  resonance  gives  a  definite  conclusion  regarding  the 
maximum  value  of  the  loss  tangent . 

RESULTS 

Figure  2  shows  the  variation  of  the  dielectric  constant  with  temperature  for 
quartz  (sample  thickness  is  0.653  cm)  at  15  GHz.  The  data  deviation  is  within 
1%  of  a  straight  line  fit  and  the  overall  trend  is  an  increase  of  about  5%  from  25  to 
850  °C.  The  loss  tangent  of  3x10'^  is  too  small  for  any  present  free-space 
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method  Variations  of  the  dielectric  constant  for  quartz  are  similar  to  the  variations 
measured  by  other  investigators  at  35  GHz  [5]. 


Figure  2.  Dielectric  constant  oi  quartz  at  15  GHz.  for  temperatures  25  to  850  °C. 

Figure  3  shows  the  dielectric  constant  and  loss  tangent  for  silicon  carbide 
Hexoloy  SA  (sample  thickness  1.27  cm)  plotted  from  8  to  40  GHz.  Because  SiC 
is  a  semiconductor,  even  just  a  small  increase  in  temperature  causes  it  to  become 
highly  conductive.  In  fact,  above  150°C  it  is  so  conductive  that  die  transmission 
is  near  the  noise  floor  of  the  NA  (-60  dB).  It  is  also  interesting  to  note  that  the 
dielectric  constant  and  loss  tangent  decrease  with  increasing  frequency  which  is 
expected  for  the  frequency  regime  above  the  dipolar  relaxation  frequency. 

Figure  4  shows  the  dielectric  constant  and  loss  tangent  for  a  green  alumina 
sample.  The  11.5  cm.  diameter  by  0.75  cm.  thick  sample  was  prepared  by 
pressing  0.1  |im  high  purity  a-alumina  powder*  mixed  with  2%  (wt)  poly  vinyl 
alcohol  to  a  pressure  of  172  MPa  (25000  psi.).  The  density  was  calculate  to  be 
about  45%  of  the  theoretical  density.  The  curve  labeled  ’Green’  shows  the 
dielectric  properties  of  the  sample  with  the  binder  still  present  while  the  curve 
labeled  Trc-Fired’  is  for  the  same  sample  measured  a  second  time  when  the 
binder  had  been  burned  out  The  effect  of  the  binder  is  easily  seen  by  comparing 
the  two  plots.  At  around  500'’C  the  binder  has  burned  away  and  the  two  curves 
agree  very  closely.  The  reason  the  pre-fired  curve  changes  suddenly  at  100°C  is 
most  likely  due  to  absorbed  moisture  being  driven  out  The  dielectric  properties 
of  a  commercially  obtained  98%  dense  fir^  alumina  sample  were  also  measured. 
The  dielectric  constant  varied  linearly  from  9.4  at  25®C  to  10.6  at  850°C  while  the 
loss  tangent  varied  linearly  from  about  1.2x10-3  at  25'’C  to  20x10-3  at  850'’C  as 
measur^  using  the  thickness  resonance.  Comparison  of  these  values  to  the  ones 
shown  in  Fig.  4  indicates  how  the  dielectric  properties  change  with  density. 

*Baikowski  International  Corporation,  Charlotte,  N.  C. 
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Figure  3.  Dielectric  constant  and  loss  tangent  of  Silicon  Carbide  Hexoloy  SA  for 
liequecies  8-40  GHz  and  temperatures  25  -  150  °C. 

CONCLUSIONS 

It  has  been  shown  that  free-space  microwave  techniques  have  the  capability  of 
accurately  measuring  the  complex  dielectric  properties  of  materials  at  high 
temperatures.  Some  preliminary  results  have  also  been  shown  for  monitoring  the 
binder  bum  out  in  a  green  alumina  sample.  The  limited  maximum  temperature  in 
this  paper  is  due  to  the  limitations  of  the  furnace,  not  of  the  measurement 
technique  or  thermal  isolation,  and  modifications  would  allow  monitoring  of 
sintering  also.  Here  we  emphasize  free-space  techniques  because  neither 
waveguides  nor  any  other  guided  wave  structures  permit  in  situ,  thermally 
isolated  process  monitoring.  In  cases  where  microwaves  are  used  for  the 
processing,  the  same  microwaves  can  be  used  for  measuring  dielectric  properties 
and  tuning  the  system  for  optimum  performance. 
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ABSTRACT 

A  single  mode  microwave  heating  device  which  operates  at  2.45  GHz  was 
modified  to  simultaneously  heat  and  characterize  ceramic  materials.  The  equivalent 
circuit  derived  by  Marcuvitz  (9]  to  model  the  ceramic  rod  in  the  waveguide  was 
used  in  the  formulation.  Three  crystal  detectors  on  the  impedance  analyzer  were 
used  as  a  reflectometer  to  measure  the  reflection  coefficient  of  the  load,  so  that 
transmission  line  measurements  can  be  automated.  The  measured  reflection 
coefficient  at  different  temperature  is  a  function  of  the  dielectric  constant  and  loss 
tangent  of  the  ceramic  material.  The  Newton-Raphson  method  was  successfully 
used  to  solve  a  nonlinear  complex  equation.  By  using  this  system,  a  94%  alumina 
rod  was  heated  and  characterize  and  experimental  results  are  presented. 

INTRODUCTION 

Microwave  processing  is  receiving  more  and  more  attention  in  the  material 
research  field,  especially  in  ceramic  processing.  Microwave  heating  has  many 
advantages  such  as  rapid  and  uniform  heating.  It  is  useful  in  the  sintering  and 
joining  of  ceramics.  Research  work  by  Tian  et  al.[l]  has  shown  that  microwave 
sintering  results  in  rapid  densiflcation  and  ultra-fine  microstnicture.  Fukushima  [2] 
has  shown  tliat  by  using  microwave  heating,  ceramics  can  be  joined  and  a  higher 
strength  than  conventional  joining  can  be  obtained.  Theoretical  work  by  Yu  et  al.[3] 
has  shown  that  the  increase  of  dielectric  constant  and  loss  tangent  with  temperature 
can  lead  to  uniform  and  enhanced  microwave  power  absorption  in  ceramics. 
Hence,  the  dielectric  properties  of  the  ceramics  at  high  temperature  must  be  known 
so  that  microwave  processing  can  be  controlled. 

Dynamic  heating  and  characterizing  of  ceramics  has  the  advantages  of  obtaining 
a  high  heating  rate  and  requiring  a  simple  sample.  It  allows  for  measuring  dielectric 
properties  of  ceramics  at  elevat^  temperamre,  monitoring  the  puzzling  microwave 
sintering  ceramics  process  and  studying  the  variation  of  dielectric  properties  with 
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temperature,  heating  rate  and  microstructure.  It  has  been  studied  by  D.  Couderc  et 
al.(1973)[4] ,  Areneta  et  al  (1984)  [5],  Fukushima  et  al.  (1987)  [6],  J.  Jow  et  al 
[7]  as  well  as  J.  Asmusse  et  al.  [8].  Here,  a  single  mode  microwave  heating  device 
which  operates  at  2.45  GHz  was  modifi^  to  simultaneously  heat  and  characterize 
ceramics  materials.  The  equivalent  circuit  derived  by  Marcuvitz  [9]  to  model  the 
ceramic  rod  in  the  waveguide  was  used  in  the  formuiation.  Three  crystal  detectors 
on  the  impedance  analyzer  were  used  as  a  reflectometer  to  measure  the  reflection 
coefficient  of  the  load,  so  that  transmission  line  measurements  can  be  automated. 
The  measured  reflection  coefficient  at  different  temperature  is  a  function  of  the 
dielectric  constant  and  loss  tangent  of  the  ceramic  material.  The  Newton-Raphson 
method  was  successfully  used  to  solve  a  nonlinear  complex  equation.  By  using 
this  system,  a  94%  alumina  rod  was  heated  and  characterized.  The  experimental 
results  are  presented. 

MODEL  DESCRIPTION 

The  model  to  be  used  to  characterize  ceramic  dielectric  properties  is  depicted  in 
figure  1.  As  given  by  Marcuvitz  [9],  the  effect  of  a  ceramic  rod  in  the  waveguide 
can  be  modeled  as  the  electric  elements  ZA  and  ZB  in  the  equivalent  circuit  &  this 
model,  ZS  is  the  impedance  of  the  variable  short,  whereas  ZI  is  the  impedance  of 
the  iris.  PI  and  P2  are  the  distances  from  the  center  of  the  ceramic  rod  to  the 
position  of  iris  and  variable  short  respectively.  The  measured  reflection  coefficient 

r,  and  resulting  impedance,  Z ,  can  be  expressed  in  terms  of  ZI,  ZS,  ZA  and  ZB, 
i.e, 

where 

Z-Z.lanh(YPl) 

7  =  Z - 2 - 

Z5-Zia±(TPl) 

Zl-Z^tanhlTPl)  (3) 

“  Zj-ZHanhUPl) 

ZAB  =  ZB  +  -  (4) 

(ZA  +  ZB+ZSe) 

ZS  +  Zptach(lfP2)  (5) 

°  Zq  +  ZStanh(irP2) 


(1) 

(2) 
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In  the  case  when  the  dielectric  constant  and  loss  tangent  are  small,  which  is  true  for 
many  ceramics,  ZA  is  also  very  small  and  can  be  neglected  in  the  calculation. 
Hdtce 


^  ZIe  ZSt  ZA 


By  solving  the  complex  equation 


Zg  ZIj  ZSe  ZA 


=  0 


(6) 

(7) 


the  complex  permittivity  ( e'-je"  )  can  be  deduced.  The  impedance  of  the  iris  and 
variable  short  can  be  obtained  by  measuring  the  reflection  coefficient  with  a 
netwodc  analyzer  system.  The  system  was  calibrated  by  using  a  one  port  calibration 
technique  before  making  the  measurement  It  is  displayed  in  figure  2. 


Hguie  1.  Dielectric  Characterizing  Model. 

MEASUREMENT  OF  REFLECTION  COEFHCIENT 

The  reflection  coefficient  can  be  measured  by  obtaining  the  voltages  from  the 
microwave  detectors  on  the  impedance  analyzer.  In  the  transmission  line  as 
described  in  the  figure  3,  the  voltage  [10]  at  the  position  of  the  detector  is 

V.=  v|  l+pexp(j(e (8) 

I  V  1^=1  V  |^|l+ pZ +2pcos(9-<^n  )j  (n  =  l,2,3)  (9) 

where  p  and  6  are  the  magnitude  and  phase  of  the  reflection  coefficient  of  the  load 
and  <(»n  is  the  phase  shift  corresponding  to  the  distance  from  the  nth  detector  to  the 

load  and  back.  By  solving  Eq.  9  for  three  detectors,  p  and  0  can  be  found. 

For  a  crystal  detector,  the  input  microwave  power  is  linearly  proportional  to 
lV|jj^.  In  the  low  microwave  power  region,  the  output  voltage  from  the  detector  is 
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linearly  proportional  to  the  input  power  passing  through  it  Because  the  range  of  the 
voltage  from  the  detector  is  large  in  this  experiment,  the  linear  relation  between  the 
output  voltage  and  input  microwave  power  will  not  exist  Therefore,  the  nonlinear 
relationship  betv^een  output  voltage  and  input  microwave  power  must  be 
obtainedTo  acquire  this  relationship,  a  matched  load  was  connected  to  the  position 
of  the  cavity  in  the  microwave  heating  device.  The  input  microwave  power  from  the 
reading  of  the  control  panel  and  output  voltage  from  die  detector  were  recorded 
simultaneously.  A  typical  relation  is  displayal  in  figure  4. 


Figure  2.  Network  Analyzer  System  Measuring 
impedance  of  the  iris  and  Variable  Short. 


Figure  3.  Three  Detector  Reflectometer. 
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Figure  5.  High  Temperature  Material’ Characterizing  System. 


Figure  6.  Thermal  Runaway  Data. 
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Figure  4.  Output  Voltage  from  Detector  vs.  Input  Microwave  Power. 


EXPERIMENTAL  SET-UP  AND  CHARACTERIZING  PROCEDURES 

A  schematic  diagram  of  the  automated  dielectric  characterization  system  is 
shown  in  the  figure  5.  As  a  main  controller,  we  use  the  combination  of  a  HP9826 
personal  computer  and  a  HP3494  data  acquisition  system.  The  output  voltages  from 
crystal  detectors  are  related  to  the  input  microwave  power.  The  voltage  from  the 
temperature  controller  is  linearly  related  to  the  temperature  .  The  voltage  from  the 
linear  voltage  displacement  transducer  indicates  the  position  of  the  variable  short. 
Those  voltages  will  be  collected  by  a  HP3494  data  acquisition  system  controlled  by 
the  algorithm  written  in  HP  BASIC.  The  geometric  data  of  the  ceramic  rod, 
waveguide  dimensions  and  operating  frequency  are  inputted  in  advance  to  the  data 
file.  To  increase  the  experimental  accuracy,  the  EIP578  frequency  counter  is 
connected  to  the  characterizing  system  to  monitor  operating  frequency. 

Upon  turning  on  the  microwave  generator,  the  variable  short  is  adjusted  to  the 
resonating  position  so  that  the  microwave  power  can  be  absorbed  by  tlie  ceramic 
rod  efficiently.  The  output  voltages  from  the  three  detectors,  the  voltage  from  the 
temperature  controller  and  the  voltage  from  the  linear  voltage  displacement 
transducer  were  acquired  by  the  data  acquisition  system  at  the  prescribed 
temperatures.  These  raw  data  were  then  transformed  to  the  input  microwave  power 
at  each  detector,  temperature  at  the  time  of  measurement  and  the  position  of  the 
variable  short  respectively  according  to  the  proper  calibration  formulas.  The 
magnitude  and  phase  of  the  reflection  coefficient  were  found  by  solving  the 
nonlinear  Eq.9.  7  is  used  to  set  up  a  complex  nonlinear  equation  to  find  the  real 

and  imaginary  parts  of  the  complex  dielectric  constant 

In  solving  the  complex  equation,  the  real  and  imaginary  parts  of  the  function 
F(xi.  *2)  3^®  assumed  to  be  f]  and  f2.  The  complex  equation  therefore  becomes 
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f,(*l**2)  =  Rc(F(*l'*2))  =  0 

f2(*i»*2)  =  Im(F(*r  *2))=0  (10) 

Let  X  denote  the  vector  of  value  ( xj ,  X2 )  then,  in  the  neighborhood  of  X,  each  of 
the  function  fj  can  be  expanded  in  Taylor  series 


f.(x  +  8x)  =  f.(X) +^^8x. +o(5x0  (11) 

By  neglecting  terms  of  order  5x2  and  higher,  a  set  of  linear  equations  for  the 
corrections  SX  that  moves  each  function  closer  to  zero  simultaneously,  namely 

(12) 

j-1 

where 

Pi-(,  (13) 

Matrix  equations  can  be  solved  by  Krammer's  rule.  The  corrections  are  then  added 
to  the  solution  vector, 

x**’  =  x®“  +  5x  ,  i  =  l,2  (14) 

and  the  process  is  iterated  to  convergence. 

RESULTS  AND  DISCUSSION 


A  Coors  AD-998  alumina  rod  with  a  diameter  0.8  cm  was  used  in  this 
characterization  experiment.  Since  the  imaginary  part  of  the  complex  dielectric 
constant  is  usually  small,  the  simplified  formulation  was  used  to  retrieve  dielectric 
properties.  The  thermal  run  away  phenomenon  was  observed  during  the 
experiment.  Figure  6  gives  the  temperature  rise  with  time.  The  measured  red  and 
imaginary  parts  of  the  complex  dielectric  constant  are  given  in  figures  7  and  8.  They 
both  increase  with  rising  temperature  which  agrees  with  the  afore  mentioned 
theoretical  prediction. 

CONCLUSION 


The  system  developed  here  can  be  used  to  measure  the  dielectric  properties  of 
ceramic  rods.  It  is  also  applicable  for  characterizing  the  microwave  sintering 
process  which  should  shed  light  on  the  mechanism  of  sintering  during  microwave 
heating. 
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Figure  7.  Measured  Dielectric  Properties  of  94%  Alumina. 
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METHOD  FOR  CALCULATING  AND  OBSERVING  MICROWAVE 
ABSORPTION  BY  A  SPHERE  IN  A  SINGLE  MODE  RECTANGULAR 
CAVTTY 


H.  W.  Jackson  and  M.  Bannatz 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology 
Pasadena,  CA91109 

A  new  theory  of  microwave  absorption  by  a  lossy  dielectric  sphere  in  a  single  mode 
rectangular  cavity  has  been  recently  developed.  The  absorption  was  treated  in  the 
framework  of  an  electromagnetic  scattering  problem.  That  theory  is  summarized 
here  and  calculated  results  that  bear  on  optimizing  the  processing  of  materials  are 
illustrated.  Methods  for  observing  power  absorption  and  other  results  predicted  by 
the  scattering  model  are  discuss^.  Cavity  perturbation  theory  provides  a  bridge 
between  theoretical  calculations  and  experimental  observations,  and  a  special 
problem  that  arises  when  an  established  version  of  cavity  perturbation  theory  is 
applied  to  spheres  is  identified,  analyzed,  and  resolved.  The  direct  problem  of 
predicting  shifts  in  frequency  and  Q  from  model  calculations  is  discussed  for  a 
sphere  in  a  cavity  when  the  sphere's  complex  dielectric  constant  is  known.  Also, 
the  inverse  problem  of  determining  the  complex  dielectric  constants  from  measured 
values  of  those  shifts  is  considered.  The  small  sphere  limit,  where  an  electrostatic 
or  quasistatic  model  is  valid,  is  treated  in  detail,  and  planned  work  on  parallel 
problems  for  larger  spheres  is  described. 

INTRODUCnON 

Microwave  heating  in  single  mode  cavities  is  being  studied  at  the  Jet  Propulsion 
Laboratory  as  part  of  NASA's  Microgravity  Science  and  Applications  program.  A 
goal  of  this  program  is  to  develop  efficient  techniques  for  containerless  processing 
of  materials  in  the  microgravity  environment  of  space.  In  a  typical  containerless 
processing  application,  a  material  will  be  positioned  inside  a  chamber,  for  example 
by  acoustic  forces.  ^  Then  microwaves  will  heat  the  isolated  sample  to  elevated 
temperatures  where  the  material  may  be  melted,  sintered,  or  dried  without  being 
contaminated  by  a  supporting  crucible  and  some  of  its  physical  properties  may  be 
measured  in  a  noncontact  manner.  Predicting,  monitoring,  and  controlling  each  of 
these  processing  stages  so  that  the  quality  of  the  processing  is  improved  with 
optimum  heating  efficiency  are  areas  where  theory  can  contribute  to  this  developing 
technology.  For  example,  predicting  and  controlling  the  temperature  profile  inside 
a  sample  to  prevent  cracking  while  cooling  are  areas  where  theoretical  results 
should  be  beneficial.  The  complex  dielectric  function  is  part  of  the  input  data  for 
theoretical  calculations  bearing  on  these  matters.  In  some  applications,  these  data 
are  not  available,  particularly  at  high  temperatures,  and  it  will  be  important  to 
determine  the  complex  dielectric  function  from  a  combination  of  experimentally 
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measured  shifts  in  frequency  and  Q,  and  results  of  a  theoretical  model  and  cavity 
perturbation  theory.  Results  of  this  research  have  a  broad  range  of  applicability 
including  contained  as  well  as  containerless  processing. 

Subsequent  sections  of  this  article  report  on  progress  that  we  have  made  in  treating 
some  of  these  matters.  Rrst,  a  recently  developed  theory  of  microwave  absorption 
by  a  spherical  sample  in  a  rectangular  cavity  is  summarized.  Next  calculated  results 
of  that  theory  relevant  to  improving  efficiency  of  microwave  heating  are  illustrated. 
Then  cavity  perturbation  theory  is  considered  as  an  aid  in  predicting  and  monitoring 
microwave  absorption  by  a  sample.  First,  general  theory  is  treated,  and  then 
perturbation  theory  results  are  applied  to  small  spherical  samples. 

THEORY  OF  MICROWAVE  ABSORPTION  BY  A  SPHERE  IN  A  SINGLE 
MODE  RECTANGULAR  CAVITY 

Scattering  Model 

Absorption  of  microwave  power  by  a  lossy  dielectric  sphere  in  a  resonant 
rectangular  cavity  has  recently  been  treated  by  a  new  method  based  on 
electromagnetic  scattering  theory .2  In  this  model,  a  resonant  mode  of  the  empty 
cavity  is  resolved  into  plane  wave  fields  and  results  of  Mie's^  scattering  theory  for  a 
transversely  polarized  plane  progressive  electromagnetic  wave  incident  on  a  sphere 
are  utilized.  The  electromagnetic  fields  in  the  cavity  containing  the  sphere  are 
expressed  approximately  as  a  superposition  of  fields  from  the  individual  Mie 
scattering  problems.  Absorbed  power  is  calculated  by  evaluating  the  time  average 
Poynting  vector  and  integrating  its  radial  component  over  the  surface  of  the  sphere. 
Results  of  this  model  wiB  be  most  accurate  when  the  sample  is  much  smaller  than 
the  cavity  and  is  far  from  all  cavity  walls,  so  that  effects  of  multiple  scattering  will 
be  minimized. 

Calculated  Results  for  Microwave  Power  Absorption 

The  usefulness  of  the  scattering  model^  can  be  illustrated  with  calculations  of 
microwave  absorption  that  exhibit  dependences  on  the  complex  dielectric  function, 
position  of  a  sample  in  a  cavity,  sample  radius,  and  other  experimentally 
controllable  parameters.  A  variety  of  structure  is  exhibited  in  the  calculated  results 
and  much  of  that  structure  has  obvious  utility  in  optimizing  conditions  for  heating  a 
sample  efficiently.  Examples  of  that  structure  for  a  range  of  dielectric  constants  are 
displayed  in  Figs.  1-3.  All  of  these  results  are  for  spherical  samples  of  radius  a  = 
3  mm.  The  cavity  has  perfectly  conducting  walls,  and  edge  lengths  of  Lx  =  10.250 
cm,  Ly/Lx  =  1.776,  and  Lz/Lx  =  1.463.  The  cavity  is  excited  in  a  TM550  mode 
at  frequency  f  =  8.39  GHz,  with  empty  cavity  wave  number  k  =  1.759  cm-1, 
which  yields  ka  =  0.528.  TTie  dimensions  of  the  cavity  were  chosen  so  that  the 
TM550  mode  is  separated  from  the  nearest  mode  by  =  180  MHz.  A  characteristic 
electric  field  stren^  in  the  cavity  is  fixed  at  20  V  cm-1.  For  this  particular  mode, 
the  field  strength  is  equivalent  to  the  maximum  electric  field  intensity. 

Each  figure  shows  the  power  absorbed  by  a  sample  and  the  quality  factor  Qs 
associated  with  absorption  by  the  sample  in  the  loaded  cavity  as  the  sample  moves 
on  a  straight  line  path  that  passes  through  the  center  of  the  cavity,  that  path  being 
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parallel  to  the  x-axis.  The  calculated  curves  predict  that  the  samples  of  alumina  and 
coal  will  be  maximally  absorbing  where  the  electric  field  intensity  E  takes  on  its 
maximum  value.  On  the  other  hand,  barium  titanate,  having  a  larger  imaginary 
component  of  the  dielectric  constant,  is  predicted  to  be  minimally  absorbing  at 

the  same  location  and  maximally  absorbing  where  E  assumes  its  minimum  value. 


ALUMINA 


POSITION  X/L  X 


Figure  1.  Absorption  and  sample 
Q  versus  position  for 
alumina  using  e,’  - 
9.0  andc^"  =  0.0018. 

BARIUM  TITANATE 


POSITION  JUL, 


Figure  3.  Absorption  and  sample  Q 
versus  position  for  barium 
titanate  using  e,'  =  300  and 
fV"  =  159. 


SINGLE  LUMP  COAL 


POSITION  xn.j 


Figure  2.  Absorption  and  sample  Q 
versus  position  for  single 
lump  coal  using  e,'  -  8.4 
and  £,"  =  2.47. 


ALUMINA 


Figure  4.  Microwave  absorption 
versus  ka  for  alumina 
sample  at  cavity  center. 


Figure  4  displays  another  kind  of  interesting  structure  in  the  microwave  absoi'ption 
as  a  function  of  ka.  Other  than  the  radius,  the  parameters  used  in  these  calculations 
were  the  same  as  for  Figs.  1  -  3.  The  peaks  and  valleys  in  the  absorption  curve 
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reflect  the  resonance  structure  of  the  alumina  sphere.  Some  of  the  peaks  are  very 
sharp,  and  they  are  associated  with  resonances  in  the  sphere  involving  spheric^ 
harmonics  Y/m  with  high  values  of  /.  That  sharp  structure  may  have  useful 
practical  implications  not  only  in  materials  processing  to  achieve  efficient  heating, 
but  also  in  device  applications.  An  electrostatic  approximation,  based  on  Eqs.  (9b) 
and  (10),  was  used  to  calculate  the  dashed  curve  in  Fig.  4.  The  electrostatic  results 
account  for  a  background  on  which  resonance  effects  are  superimposed. 

METHODS  FOR  OBSERVING  ABSORPTION  AND  OTHER  PREDICTED 
RESULTS 

Cavity  Perturbation  Theory 

Methods  for  observing  power  absorption  and  other  predicted  results  of  the  new 
scattering  theory  will  h«  discussed  in  this  section.  Such  methods  are  directly 
applicable  in  verification  tests  of  the  theory  and  in  monitoring  and  controlling 
materials  processing.  They  can  also  be  applied  to  the  inverse  problem  of 
determining  the  complex  dielectric  constant  from  experimentally  measured  shifts  in 
frequency  and  Q.  Cavity  perturbation  theory  can  provide  connections  between 
theoretical  predictions  and  experimentally  observable  quantities,  and  will  be 
considered  in  this  context  in  what  follows. 

In  Altman's^  treatment  of  perturbation  theory  for  a  sample  inserted  in  a  cavity,  one 
considers  electric  and  magnetic  fields  such  that 

£(r,t)  =  E(r)e-‘"‘,  H(r,t)  =  H(r)e-"',  (1) 


together  with 


e  = 

£'  + 

ie''  = 

eo£r 

II 

> 

+ 

O,  £"=  — . 

(2) 

(O' 

M  = 

1/1"  = 
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II 

(3) 

<0  = 

0)'- 

1  0)  , 

0)" 

(o' 
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~  2q‘ 

The  following  fundamental  formula  of  cavity  perturbation  theory  is  derived  from 
Maxwell's  equations  when  those  equations  are  applied  to  a  smaU  sample  in  a  high  Q 
cavity; 


QJ  -  at, 
(0 


|^(e  -  £b)  Eo  •  E  +  (/I  -  ;io)  Ho  •  Hjdv 
4U 
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In  Eq.  (5),  at,  £o,  /io.  Eo.andHo  refer  to  the  empty  cavity,  whereas 
0),  e,  li,  E,  and  H  refer  to  the  cavity  containing  the  sample.  Vs  and  V  are  the 
volumes  of  the  sample  and  cavity,  respectively,  and  U  is  approximately  the  time 
average  energy  stor^  in  the  cavity.  U  is  essentially  the  same  whether  the  cavity  is 
empty  or  load^,  and  is  given  approximately  by 

U  =  ^  Jvh  E:  .Eo  +  /to  H:  •H;,]dv.  (6) 

Next,  Eqs.  (2)  -  (4)  are  substituted  into  Eq.  (5)  and  it  is  tacitly  assumed  that  the 


integrals  f  £b  E*  •  E  dv  and  [  /to  H*  •  H  dv  are  real-valued.  Equating  real 

•V,  Jy, 

and  imaginary  parts  of  the  ensuing  equation,  one  finds  the  following  results  when 
the  sample  is  non-magnetic,  so  that  /t  =  /to  : 


-  1)  f 

4U 


E:  .  E  dv 


(7a) 


Q;‘  ^  Q’  -  Q;‘  =  E:.Edv.  (7b) 

2U  •'v. 

The  two  left  hand  members  of  Eqs.  f7a)  and  (7b)  respectively  define  A,  the  relative 
real-valued  frequency  shift,  and  Qi*,  the  change  in  Q’*  associated  with  power 
absorbed  in  the  sample.  Eqs.  (7a)  and  (7b)  can  be  combined  to  obtain 


q;‘  =  Q  *  -  q;'  =  — . 

-  1)  a>' 


(8) 


A  fundamental  formula  for  Q’  based  on  Wabs,  the  power  absorbed  by  the  sample, 
is  given  by 


Q;'  =  — ‘l!!,. 

m'U 


(9a) 


In  view  of  Eqs.  (8)  and  (9a),  it  appears  that  one  can  directly  obtain  information 
on  Q‘,  and  in  turn  Wabs.  by  measuring  the  relative  frequency  shift.  Since  Q'  is 
hard  to  measure  accurately,  but  A  is  easy  to  measure  accurately,  this  could  be  a  very 
useful  result,  not  only  for  verifying  the  scattering  model,  but  for  other  purposes  as 
well.  However,  we  have  found  that  ^s.  (7a),  (7b),  and  (8)  are  of  limited  validity, 
and  are  correct  only  for  certain  special  experimental  conditions.  For  example,  it 
turns  out  that  they  are  valid  for  a  cylindrical  sample  of  small  radius  in  an  axial 
electric  field.  However,  they  are  not  correct  for  spheres,  even  for  very  small 
spheres,  whenever  Cr"  ^  0.  This  will  be  explained  shortly.  For  spheres,  one 
must  measure  Q*  itself  to  obtain  direct  data  on  Wabs- 
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Understanding  and  eliminating  the  source  of  failure  of  perturbation  theory  for 
spheres  is  still  important  if  one  wishes  to  predict  the  frequency  shift  or  solve  the 
inverse  problem  of  determining  the  complex  dielectric  constant  from  measurements 
of  (i*  and  A.  These  matters  will  be  analyzed  next 


The  power,  Wabs.  can  be  evaluated  directly  from  the  joule  heat,  j  •  E,  in  the 
sample.  This  provides  a  fundamental  formula  for  Q' ,  as  follows: 


q;‘  = 


».bi  _ 


=  Ml  f  E*  •  E  dv. 


Eqs.  (7b)  and  (9b)  contain  two  different  expressions  for  (X' ,  and  under  some 
conditions  they  represent  quite  different  numbers. 

Notice  that  Eq.  (7b)  contains  E* ,  referring  to  the  empty  cavity,  but  Eq.  (9b) 
contains  E* ,  referring  to  the  field  inside  the  sample.  To  understand  the  importance 
of  this  difference,  consider  a  small  spherical  sample  and  suppose  that  ka«l.  In 
this  case,  it  is  usual  to  assume  that  an  electrostatic  approximation  is  valid.  In 
electrostatics,  the  electric  field  E  inside  a  dielectric  sphere  placed  in  a  previously 
constant  field  E*  satisfies^ 

E  =  —I—  Eo.  (10) 

+  2 

The  fields  E  and  E«  usually  differ  appreciably.  In  an  extreme  case,  for  barium 
titanate  where  e,'  -  300,  they  differ  by  a  factor  of  about  100.  Similarly  large 
discrepancies  also  occur  in  results  for  Q*  calculated  using  Eqs.  (7b)  and  (9b). 
This  suggests  that  something  is  not  quite  right  with  cavity  perturbation  theory,  and 
that  it  needs  to  be  generalized.  This  issue  cannot  be  settled  completely  within  the 
context  of  electrostatics. 

We  shall  consider  the  hypothesis  that  these  cavity  perturbation  results  are  of  limited 

validity  because  the  integral  E*  •  E  dv  is  treated  as  real-valued  in  deriving  Eqs. 

(7a)  and  (7b).  One  can  show  that  E  will  not  be  real-valued  inside  a  sample  if 

e,"  ^  Q  there  unless  the  condition  Q  *  =  is  accidently  met.  This  result 

can  be  established  by  considering  the  wave  equation 

VxyxE  -  k^E  =  0  (11) 

where 

k*  =  ^loe^ErO)^  (12) 

and  using  Eqs.  (2)  and  (4).  A  corollary  to  this  result  is  that  E^  can  be  chosen  as 
real-valued  since  Er"  =  0  for  the  empty  cavity.  From  these  conditions  it  follows 
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that  E*  •  E  dv  is  complex-valued  in  general,  although  in  special  cases  it  may  be 
real-valued  as  a  result  of  integrating.  These  results  can  be  expressed  by  writing 

J  Eo  •£  dv  =  R  -I-  il  (13) 

V I 

where  R  and  1  are  real  numbers. 

Substituting  Eqs.  (2)  -  (4)  and  (13)  into  Eq.  (5)  and  then  equating  real  and 
imaginary  parts  of  the  ensuing  equation,  one  obtains  the  following  results  for  a 
non-magnetic  sample  where  /t  =  ^  : 

A  =  -  |«b  [(er'  -  l)R  -  ^'1]  +  ^So  [^"R  (e,'  -  1)I]| .  (14) 

For  a  high  Q  cavity,  the  term  involving  m  "toD  '  =  (2Q)"'  is  negligible,  and  one 
finds  that  to  good  approximation 

(15) 

©  4U 

Also,  one  can  show  that 


Q;‘  -  Q  '  -  Q;'  =  :S-  k'R+(V-i)I].  (16) 

2U 

The  quantities  R  and  I  are  given  by  Eq.  (13).  The  modified  cavity  perturbation 
formulas  in  Eqs.  (15)  and  (16)  arc  valid  under  more  general  conditions  than  those 
found  in  the  version  of  perturbation  theory  that  yielded  Eqs.  (7a)  and  (7b). 

Perturbation  Theory  Applied  to  a  Sphere 

The  geiieralized  cavity  perturbation  theory  developed  above  will  now  be  applied  to  a 
lossy  dielectric  sphere.  First,  we  will  consider  small  spheres,  where  ka«l;  and 
later  wc  will  briefly  consider  a  relaxation  of  this  condition,  where  the  sphere  radius 
may  be  larger. 


Altschuler^  has  treated  small  spheres  by  perturbation  theory  in  an  approximation 
where  the  field  inside  the  sphere  is  given  by 


E  =  Eo  =  - f - Eo. 

e,  +  2  (Er'  +  2)  +  i  e," 


We  will  call  this  a  quasistatic  model.  In  this  formula  for  E,  the  complex  dielectric 
constant  occurs  rather  than  just  as  in  the  electrostatic  model,  (10).  For  Eq. 
(17),  E  is  complex-valuetl  inside  the  sphere  whenever  £^"^0  and  Eo  is  real 
valued. 
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As  a  partial  check  on  the  quasistatic  model,  we  have  calculated  the  microwave 
absorption  for  barium  titanate,  for  which  is  large.  In  Fig.  5,  those  results  are 
compared  with  a  curve  based  on  our  scattering  theo^  with  the  same  parameter  set 
as  used  for  Fig.  3.  The  penetration  depth  8  for  barium  titanate  is  0.638  mm,  and 
the  product  kS  is  indicated  by  the  arrow  in  the  figure.  Agreement  between  the 
curves  is  very  good  at  small’  radii,  about  up  to  a  =  8,  but  rapidly  deteriorates  beyond 
that.  In  the  quasistatic  model,  the  electric  field  is  constant  inside  the  sample. 
Therefore,  one  expects  this  model  to  deteriorate  and  ultimately  fail  for  a  >  8. 

BARIUM  mANATE 


Figure  5.  Absorption  versus  ka 
for  barium  titanate  for 
scattering  and  quasistatic 
models.  The  sample  is 
at  the  cavity  center. 
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When  the  quasistatic  model  formula  for  E  is  used  in  our  modified  version  of  cavity 
perturbation  theory,  Eqs.  (13),  (15),  and  (16)  yield 


[3(e/-  l)(e/  + 2) 

4U  (e/  +  2)'  +  {erf 


lEo  I' 


(18) 


and 


ri  _  «oer 


Q.  = 


9 


2U  (£/  +  2f  +  {erf 


V.  lEol^ 


(19) 


Also,  Eqs.  (9b)  and  (17)  give  precisely  the  same  results  for  Q'  as  Eq.  (19),  thus 
demonstrating  that  for  this  model,  the  modified  cavity  perturbation  theory  results 
for  Q*  are  consistent  with  direct  evaluation  of  joule  heating  of  the  sample. 

As  Altschuler^  has  shown,  the  inverse  problem  of  determining  the  complex 
dielectric  constant  from  measured  values  of  A  and  Q'  can  be  easily  solved  in  the 
case  of  the  quasistatic  model.  This  will  be  demonstrated  next.  Substituting  Eq. 
(17)  for  E  into  Eq.  (5),  evaluating  the  integral,  and  defining  a  quantity  G  by 


G 


_£L_[a 

3£bV.  lEj'  L 


(20) 


one  can  solve  the  ensuing  equation  for  e,.  The  result  is 
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e,  =  £,'  +  ie," 


(21) 


} 


TTiese  results  are  valid  for  small  spheres,  where  the  quasistatic  model  is  applicable. 
The  sphere  radius  must  satisfy  ka  «  1  and  a  <  5  in  this  case.  The  restriction  to 
small  radii  is  a  serious  disadvantage  when  Ct"  is  so  large  that  the  penetration  depth 
is  very  small. 

In  conclusion,  we  have  presented  predictions  from  a  new  microwave  scattering 
model  for  absorpdon  by  a  spherical  sample  in  a  rectangular  cavity.  The  results 
cover  a  range  of  values  of  the  complex  dielectric  constant  and  indicate  an  inverted 
absorption  behavior  as  a  function  of  position  for  certain  materials.  Additional 
results  for  absorption  versus  radius  for  alumina  exhibit  sharp  resonance  behavior 
superimposed  on  a  smooth  background.  We  have  also  derived  modified  cavity 
perturbation  expressions  as  a  bridge  between  theory  and  experiment  and  applied 
them  to  small  spheres.  The  good  agreement  found  with  known  results  helps 
establish  confidence  in  this  approach.  We  plan  to  extend  these  methods  to  larger 
spheres,  where  the  electric  field  inside  a  sample  can  be  evaluated  from  the  scattering 
model.  We  have  already  treated  shifts  in  Q  for  larger  spheres.  Using  the  modified 
cavity  perturbation  theory,  we  will  also  predict  shifts  in  frequency  and  determine 
complex  dielectric  constants  from  measured  shifts  in  frequency  and  Q  for  larger 
lossy  dielectric  spheres  inserted  in  a  cavity. 
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MEASUREMENT  OF  CAVITY  PERTURBATION  TO  DETERMINE  THE  MICROWAVE 
ABSORPTION  OF  A  SPHERE  IN  A  SINGLE  MODE  RESONATOR 


J.  L.  Watkins,  C.  O.  Hagcnlochcr,  and  M.  Barmatz 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology 

Pasadena,  CA  91109 


Experiments  have  been  conducted  on  materials  in  a  single  mode  microwave  resonator  to  test 
predictions  of  a  new  theory  of  microwave  absorption  by  a  lossy  dielectric  sphere.  Two  different 
experiments  arc  repotted  here.  An  analysis  of  cavity  perturbation  for  verifying  the  new  absorption 
model  revealed  a  limitation  of  a  standard  form  of  cavity  perturbation  theory  and  led  to  a 
modification  which  generalized  its  application.  The  first  experiment  tested  the  validity  of  the 
modified  theory.  The  cavity  perturbations  of  a  nylon  sphere  were  used  to  calculate  the  complex 
permittivity  using  the  sundard  perturbation  theory  and  the  modified  form.  These  pennittivity 
values  were  compared  to  that  determined  from  cavity  perturbation  using  a  thin  nylon  rod  where  the 
standard  and  monied  forms  agree.  The  results  show  that  the  modification  is  necessary  to  correctly 
apply  perturbation  theory  to  spherical  samples. 

The  second  experiment  confirmed  the  theoretical  prediction  that  under  certain  sample  conditions  the 
power  absorbed  by  a  sphere  in  a  resonant  cavity  can  be  maximum  at  a  location  in  the  cavity  where 
the  empty  cavity  electric  field  intensity  is  a  minimum.  The  prediction  was  checked  by  comparing 
the  measured  power  absorbed  by  a  nylon  sphere  and  a  graphite  sphere  as  a  function  of  position  in  a 
single  mode  resonator  under  identical  conditions. 


INTRODUCTION 

As  part  of  NASA's  Microgravity  Science  and  Applications  program  to  develop  efficient  methods  of 
processing  materials  containerlessly  positioned  in  the  space  environment,  the  Jet  Propulsion 
Laboratory  (JPL)  is  studying  the  use  of  microwave  technology  as  applied  to  material  processing. 
Requirements  for  space-based  processing  include  the  ability  to  position,  heat  and  remotely  measure 
the  thermophysical  properties  of  a  material.  Microwave  technology  can  be  used  to  help  satisfy  all 
three  of  these  requirements  and  offers  a  number  of  features  that  make  it  attractive  for  space-based 
material  processing.  When  considering  the  efficiency,  weight,  and  size  of  microwave  ovens  versus 
alternative  methods  of  heating,  microwaves  are  superior  for  many  applications.  The  complex 
permittivity  of  processing  materials  can  be  determined  in  a  non-contact  manner  and  microwaves 
can  even  be  used  to  exert  positioning  forces  on  most  materials.  Current  embodiment  of  these  ideas 
is  an  integrated  single  mode  microwave  oven/acoustic  positioner  which  includes  the  ability  to 
rapidly  measure  cavity  perturbations  for  determining  the  complex  permittivity  of  heated  samples. 
Figure  1  diagrams  a  ground-based  prototype  of  this  device.  The  cavity  acts  as  both  an  acoustic  and 
microwave  resonator.  The  moveable  plunger  is  used  to  tune  the  acoustics  for  sample  positioning 
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while  a  tunable  microwave  source  provides  energy  for  heating.  In  order  to  better  apply  microwave 
methods  to  this  type  of  cavity,  it  is  necessary  to  understand  the  microwave  behavior  of  materials  in 
a  resonator.  Recently,  a  theory  of  microwave  absorption  by  a  sphere  in  a  rectangular  cavity  has 
been  developed  at  JPL.[1]  Application  of  this  theory  [2]  has  led  to  some  new  predictions  on  the 
behavior  of  materials  in  a  single  mode  resonator.  Experimental  work  done  to  support  some  of  the 
predictions  of  this  theory  is  described  in  this  paper.  First  a  description  of  the  apparatus  is 
presented  followed  by  a  discussion  of  cavity  perturbation  experiments  prompted  by  theoretical 
issues  and  results  of  sample  heating  as  a  function  of  position  in  the  single-mode  resonator. 

EXPERIMENTAL  APPARATUS 

The  microwave  oven  system  shown  in  Fig.  2  is  designed  to  be  able  to  heat  materials  and  also 
permit  measurement  of  the  cavity  perturbations  for  determining  dielectric  properties.  The  output 
of  the  microwave  sweep  oscillator  is  amplified  by  the  40  watt  TWT  and  applied  to  the  resonant 
cavity  oven  through  a  critically  coupled  inductive  loop.  The  incident  and  reflected  power  arc 
sampled  at  the  cavity  entrance  and  each  is  detected  by  both  a  power  meter  and  a  diode.  The  incident 
power  is  used  to  level  the  sweep  oscillator  output  In  addition,  power  in  the  cavity  is  measured 
using  an  under-coupled  transmission  probe.  All  power  measurements  can  be  read  and  stored  by  the 
computer. 

The  oven  itself  is  a  cylindrical  cavity  with  the  length  and  diameter  both  equal  to  4.78  cm.  Both 
the  heating  and  refiected  power  measurements  described  in  this  paper  were  done  with  the  cavity 
excited  in  the  TMqio  mode  at  4.8  GHz.  Small  holes  in  the  cavity  walls  provide  optical  and 
mechanical  access  to  the  sample.  Samples  under  study  are  supported  in  the  oven  by  a  thin  (1  mm 
diameter)  quartz  pedestal.  The  temperature  of  the  sample  is  monitored  by  a  remote  IR  temperature 
sensor*  through  one  of  these  holes.  The  temperature  can  be  fed  to  a  furnace  controller  which 
adjusts  the  microwave  power  so  that  the  sample  follows  a  programmed  temperature  profile. 

Cavity  perturbation  measurements  are  made  by  taking  a  swept-frequency  reflected  power  spectrum 
of  the  cavity.  These  spectra  are  taken  automatically  and  very  rapidly:  the  computer  steps  the 
microwave  frequency  via  the  dc  FM  control  and  then  reads  the  incident  and  reflected  power  at  each 
frequency  step.  By  fitting  the  resultant  reflected  power  spectrum  to  a  Lorentzian  curve,  the  cavity 
resonant  frequency  and  quality  factor  can  be  determined.  When  these  parameters  for  both  the  empty 
cavity  and  the  cavity  with  a  sample  inserted  are  combined  with  a  suitable  cavity  perturbation 
model,  the  complex  permittivity  of  the  sample  can  be  determined  as  described  below. 

CAVITY  PERTURBATION  MEASUREMENTS 

Examples  of  reflected  power  spectra  are  shown  in  Fig.  3  and  Fig.  4.  The  Lorentzian  fits  provide 
the  cavity  resonant  frequency  and  quality  factor.  The  measurements  shown  were  made  on  a  nylon 
ball  located  at  the  center  of  the  cavity  and  a  thin  nylon  rod  located  on  the  axis  and  extending  all  the 
way  through  the  cavity.  These  two  geomeuies  were  used  to  lest  cavity  perturbation  theory. 

The  established  form  of  the  cavity  perturbation  equations  we  used  is  for  non-magnetic  materials 
and  can  be  written  as  [3] 

•  Everest  Interscience  Inc.,  Fullerton,  CA  Model  2401 
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where  0)' .  Q  ' ,  E  ^  .  Qo  .  Eo  are  the  resonant  fif^uency ,  quality  factor,  and  electric  field  of 

the  cavity  with  the  sample  present  and  absent  respectively,  Qt  is  the  quality  factor  due  to  the 
sample  itself,  £  =  Eo(£,’  + 1  £i'* )  is  the  complex  permittivity  of  the  sample,  and  the  integral  is 
over  the  volume  of  the  sample.  U  is  the  time  averaged  energy  stored  in  the  cavity  and  ^  be 
calculated  from  knowledge  of  the  unperturbed  cavity  field  Eq  .  By  measuring  A  and  Qi  and 
assuming  a  form  for  E,  one  can  determine  £r  '  and 

These  equations  were  examined  to  see  if  they  could  be  used  to  connect  predictions  of  the 
microwave  absorption  theory  developed  at  JPL  with  experimental  measurements.  In  this  process, 
it  was  recognized  that  the  equations  were  not  valid  for  all  sample  geometries.  The  problem  lies  in 
the  fact  that  their  derivation  assumes 

f  eC  •  E  dV  (3) 

'V, 

is  real.  Thi .  assumption  is  only  true  for  limited  sample  geometries  and  cavity  modes;  in 
particular,  it  is  valid  for  a  thin  cylindrical  rod  on  the  axis  of  a  cylindrical  cavity  excited  in  the 
TMqio  mode  where  the  electric  field  is  axial  everywhere  but  it  is  not  valid  for  a  sphere  under  the 
same  conditions.  By  allowing  the  integral  to  be  complex,  the  equations  can  be  rederived  in  a  form 
applicable  to  the  spherical  sample. 

Using  E  =  Eo  for  the  nylon  rod.  the  integral  discussed  above  is  real  and  both  forms  of 
penurbation  theory  give  the  correct  values  for  the  real  and  imaginary  parts  of  the  permittivity 

eV' «  2.99,  fi”  =0.0276.  (4) 


For  the  nylon  sphere,  however,  the  standard  perturbation  theory  gives 

«V'«2.99.  ev”  =0.0177. 


.*> 


Comparison  to  the  values  found  for  the  rod  yields 


er”{nxl>  -  f^'’(ball) 
£V”(rod) 


=  0.357. 


Using  the  modified  cavity  penurbation  theory  for  the  sphere 
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£V'  »3.03.  e,”  =0.0297. 


(7) 


Again  comparing  to  the  rod  values  gives 


e,"  (TtO)  •  E,”  (ball) 
fV''(rod) 


-0.076. 


(8) 


It  can  be  seen  from  these  data  that  the  modiHed  theory  gives  consistent  values  for  the  complex 
permittivity  for  both  geometries  and  that  this  more  general  form  is  a  more  correct  application  of 
perturbation  theory. 


POWER  ABSORPTION  MEASUREMENTS 

In  the  treatment  of  absorption  by  a  non-magnetic  material  in  a  microwave  field,  the  absorbed 
power  is  simply  the  Joule  heating  in  the  sample  which  is  written 

P.b.  E**EdV.  (9) 

where  E  is  the  electric  Ttcld  inside  the  material,  £t  "  is  the  relative  loss  factor  and  the  integral  is 
over  the  volume  of  the  sample.  The  above  expression  is  exact,  however,  in  general  E  is  not 
Icnown  and  some  assumptions  must  be  made  to  use  Eq.  9.  For  small  samples,  it  is  customary  to 
assume  that  (1)  the  sample  radius  is  much  smaller  than  the  microwave  wavelength  a/A  «  1  so 
that  the  integral  can  be  approximated  by 

f  E**EdV  =  IE„„,  |2  V.  (10) 


and  (2)  the  field  in  the  sample  is  proportional  to  the  unperturbed  field 

E  =  AEo,  (11) 


where  A  is  real-valued  and  depends  on  the  geometry  of  the  sample.  (An  additional  assumption 
here  is  that  £,  remains  constant.  In  general  it  changes  with  temperature  and  can  affect  the 
relative  power  absorption.)  For  a  sphere,  one  usually  assumes  the  electrostatic  approximation 

E  =  -^Eo.  (12) 

In  the  approximation  of  this  treatment,  the  absorbed  power,  which  is  proportional  to  the 
ehxtiomagneuc  energy  that  would  be  found  In  the  volume  occupied  by  the  sample  if  the  sample 
were  removed,  is  given  by 
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Pibt  *=  lEo 


t2 


(13) 


According  to  this  argument,  the  relative  power  absorption  of  a  material  can  be  detennined  at  each 
point  in  a  cavity  in  which  the  unperturbed  fields  are  loiown. 

When  microwave  power  is  applied  to  the  cavity  the  sample  will  reach  a  steady-state  temperature 
which  can  be  determined  by  considering  the  energy  balance,  (Power  lost  by  radiation,  conduction, 
and  convection)  =  (Microwave  Power  absorbed).  If  the  temperature  difference  between  the  walls 
and  the  sample  remains  small  enough,  the  thermal  losses  will  be  dominated  by  the  conduction  and 
convection  terms  which  are  linear  in  temperature.  In  this  case,  we  expect 

ToeP.b,  oclE^P.  (14) 


Figures  S  and  6  show  the  temperature  and  power  absorption  profile  of  a  3.3  mm  nylon  ball  and  a 
3.3  mm  graphite  ball  along  the  radius  of  the  cylindrical  cavity  compared  to  the  energy  distribution 
in  the  empty  cavity.  The  electric  field  strength  is  held  constant  inside  the  resonator.  The  linear 
dependence  of  temperature  with  absorbed  power  is  clearly  seen. 

The  nylon  heats  qualitatively  in  accordance  to  the  simple  power  absorption  model  presented  above. 
The  graphite,  however,  behaves  in  exactly  the  opposite  manner,  i.e.  its  maximum  power 
absorption  occun  where  IEq  r  is  a  minimum.  (The  temperature  decrease  near  the  cavity  wall  is 
where  the  ball  is  physically  exiting  the  cavity.)  These  experimental  data  show  that  the  standard 
power  absorption  model  breaks  down  in  the  case  of  graphite.  Apparently  the  presence  of  the 
graphite  sample  modifies  the  local  electric  field  in  a  non-negligible  way  and  the  assumption  that 

Enn.  «  E„  (15) 


becomes  invalid.  A  microwave  absorption  mode!  which  can  predict  this  type  of  "inverted" 
behavior  needs  to  take  into  account  perturbations  to  the  local  field  caused  by  the  presence  of  the 
dielectric  material.  In  fact,  a  theory  of  microwave  absorption  by  a  lossy  dielectric  sphere  in  a 
single  mode  rectangular  cav'ty  [1,2]  which  directly  handles  the  interaction  of  the  microwave  field 
with  the  sample  has  been  developed  at  JPL  and  docs  predict  this  behavior. 

Future  work  is  planned  to  extend  these  mea.surements  to  a  sphere  in  a  rectangular  single  mode 
cdvity  to  allow  quantitative  comparisons  to  the  microwave  absorption  theory. 

CONCLUSIONS 

The  fust  experiment  demonsvates  that  a  proposed  modification  to  a  standard  form  of  cavitv 
perturbation  theory  is  requued  in  order  to  properly  treat  the  case  of  a  sphere  in  a  resonant  cav.ty. 
The  second  set  of  experiments  show  that  nylon  and  graphite  heat  maximally  in  different  positions 
in  our  resonant  cavity  and  demonstrate  the  weakness  of  the  usual  assumptions  made  in  treating  the 
absorption  of  microwaves  by  an  arbitrary  material.  These  experiments  support  the  prediction  of  a 
new  theory  ( 1  ],  reported  at  this  symposium  [2],  of  microwave  absorption  by  a  sphere  in  a  resonant 
cavity. 


Microwaves 


275 


ACKNOWLEDGMENT 


We  wish  to  acknowledge  Dr.  H.  W.  Jackson  for  many  helpful  discussions  and  Richard  Zanteson 
for  design  and  fabrication  of  the  experimental  apparatus.  The  research  described  in  this  article  was 
carried  out  at  the  Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  under  contract 
with  the  National  Aeronautics  and  Space  Administration. 

REFERENCES 

1 .  H.W.  Jackson  and  M.  Barmatz,  "Microwave  Absorption  by  a  Lossy  Dielectric  Sphere  in  a 
Rectangular  Cavity,"  submitted  for  publication. 

2.  H.W.  Jackson  and  M.  Barmatz,  "Method  for  Calculating  and  Observing 
Microwave  Absorption  by  a  Sphere  in  a  Single  Mode  Rectangular  Cavity," 
submitted  for  publication  in  the  Proceedings  of  the  Microwave  Symposium  of  the  93*^ 
meeting  of  the  American  Ceramics  Society. 

3.  J.L.  Altman,  Microwave  Circuits  (Van  Nostrand,  New  York,  1964),  pp.  409-416. 


276 


Microwaves 


Microwaves 


4.78  4.79  4.80  4.81 

Frequency  (GHz) 

Figure  3.  Reflected  power  versus  frequency  for  a  nylon  sphere  (d=3.3  mm) 
located  in  the  center  of  a  cylindrical  cavity  excited  in  the  TM  010  mode. 
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Figure  4.  Reflected  power  versus  frequency  for  a  cylindrical  nylon  rod  (d=2.5  mm) 
located  on  the  axis  of  a  cylindrical  cavity  excited  in  the  TM  010  irKxle. 
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Figure  5.  Microwave  heating  of  a  nylon  sphere  (d=4.8  mm)  in  a  cylindrical 
cavity  excited  in  the  TM  010  mode. 
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Figure  6.  Microwave  heating  of  a  graphite  sphere  (d=4.8  mm)  in  a  cylindrical 
cavity  excited  in  the  TM  010  mode. 
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ABSTRACT 

This  is  an  overview  of  practical  aspects  for  ultra-rapid 
sintering  of  ceramics  in  single  mode  applicators.  The 
efficiency  and  performance  of  microwave  systems  can  be 
markedly  improved  by  innovative  designs.  Discussion  will 
focus  on  the  main  problems  and  their  solutions  in 
microwave  sintering  such  as  arcing,  temperature 
heterogeneity,  thermal  runaway,  cracking  and  inability  to 
heat  up  ceramics  with  low  loss  factors. 

INTRODUCTION 

Rapid  sintering  of  ceramics  using  microwave  energy  offers 
many  advantages  which  are  impossible  with  conventional 
heating  techniques.  Fine  grain  size  ,  high  toughness  and 
substantial  energy  saving  have  been  achieved  by  microwave 
sintering’’^.  A  high  heating  rate  and  a  short  processing 
time  are  crucial  for  these  applications^*^.  Microwave 
sintering  of  ceramics  can  be  performed  in  both  multimode 
applicators  and  single  mode  applicators.  In  review  of  the 
literature’**,  it  is  interesting  to  note  that  most  of  the 
rapid  processing  of  ceramics  were  carried  out  in  single 
mode  applicators.  This  may  be  attributed  to  the  fact  that 
a  single  mode  applicator  has  some  advantages  over  a 
conventional  multimode  applicator  in  rapid  processing^. 
For  instance,  the  single  mode  applicator  can  yield 
higher  electric  field  strength  and  couple  more  energy 
into  ceramic  samples  than  the  multimode  applicator  can. 
High  heating  rates  of  10^-10^*  C/min  can  be  readily 
achieved  in  a  single  mode  applicator  whereas  the  heating 
rates  in  multimode  applicators  are  much  lower.  The  single 
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node  applicator  allows  on-line  electric  feedback  for  a 
precise  control  of  the  process.  In  addition,  a  single 
mode  applicator  can  be  used  to  diagnose  the  variation  of 
material  properties  with  electromagnetic  field  that  may 
lead  us  to  a  better  understanding  of  some  fundamental 
principles  of  the  microwave-materials  interaction*. 

The  control  of  rapid  sintering  of  ceramics  in  a  single 
mode  applicator  is  technically  more  complicated  than 
that  of  other  heating  processes.  Due  to  the  complexity  of 
the  microwave-materials  interaction,  many  practical 
problems  are  encountered  in  the  process  of  microwave 
sintering  such  as  thermal  runaway,  sample  cracking, 
arcing  and  plasma,  and  inability  to  heat  ceramics  with 
low  dielectric  loss  factors.  Although  many  theories  have 
been  put  forth  and  numerous  experiments  have  been 
reported  in  the  microwave  sintering  field,  little  has 
been  mentioned  about  the  practical  problems.  The  purpose 
of  this  paper  is  to  discuss,  based  on  the  author’s  own 
research  experience,  the  following  aspects  which  are 
indeed  very  important  for  performing  rapid  sintering  of 
ceramics  in  single  mode  applicators. 

(1)  How  to  heat  ceramics  which  are  nearly  microwave 
transparent  at  ambient  temperature. 

(2)  How  to  improve  the  energy  efficiency  of  a  single  mode 
applicator. 

(3)  How  to  improve  the  temperature  uniformity  and  avoid 
thermal  runaway. 

(4)  How  to  avoid  the  cracking  induced  by  thermal  stress 
and  phase  transformations. 

SINGLE  MODE  APPLICATORS  USED  IN  RAPID  SINTERING 

Various  types  of  single  mode  applicators,  e.g.  TE.jy,, 
TMg,g,  TEq,,  and  TE,„,  have  been  applied  to  rapid  sintering 
of  ceramics.  The  configurations  of  two  commonly  used 
single  mode  applicators,  TE,p„  and  TE^,,,  are  schematically 
illustrated  in  Fig.l  and  Fig. 2,  respectively, 
rectangular  cavity  exhibits  a  uniform  electric 
parallel  to  the  axial  direction  of  the  sample.  It  can 
also  be  precisely  tuned  and  coupled  for  high  energy 
efficiency.  TEg,,  cylindrical  applicator  shows  a  special 
electric  field  pattern  which  has  a  maximum  field  strength 
at  the  sample  surface  and  a  minimum  in  the  sample  center. 
The  high  field  at  the  surface  can  compensate  for  the 
surface  energy  loss  due  to  radiation  and  convection  c'nd 
thus  improve  the  temperature  uniformity.  Cylindrical 
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Moving  Plunger 


SLIDING  SHORT 


Fig. 2  Cross-section  of  a  TEqh 
cylindrical  single  mode  applicator. 
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applicators  with  mirror  coated  inner  walls  may  offer 
additional  energy  savings  by  reflecting  the  thermal 
radiation  back  to  the  sample^. 

HEATING  CERAMIC  SAMPLES 

The  first  step  of  microwave  sintering  is  to  rapidly  heat 
the  sample  to  a  high  sintering  temperature.  Some  ceramics 
e.g.  Sic  and  are  microwave  absorbers.  Heating 

these  ceramics  in  a  single  mode  applicator  would  not  be 
difficult.  However,  some  other  ceramics,  e.g.  pure  a- 
AljOj,  are  nearly  transparent  to  microwaves  at  ambient 
temperature.  Heating  these  ceramics  from  room  temperature 
to  sintering  temperature  is  very  difficult.  The  possible 
approaches  for  intensifying  the  energy  absorption  of 
ceramics  are  as  follows: 

(1)  Raising  microwave  power  input. 

(2)  Improving  the  energy  efficiency  of  the  applicator. 

(3)  Raising  microwave  frequency. 

(4)  Using  microwave  absorbers  as  additives. 

(5)  Protecting  samples  with  insulation  to  save  energy 
losses. 

(6)  Microwave  and  conventional  hybrid  heating. 

Approaches  3,4,5,  and  6  will  not  be  discussed  in  this 
article  due  to  the  limitations  of  their  specialized 
applications. 

ENERGY  EFFICIENCY  OF  SINGLE  MODE  APPLICATORS 

The  energy  efficiency  of  a  single  mode  applicator,  E„, 
is  given  by  the  equation®'’®. 


where  P  is  the  energy  absorbed  by  the  sample,  P,  is  the 
incident  power,  P'  is  the  coupling  parameter,  Q'q  and 
are  the  unloaded  quality  factor  for  an  applicator  with 
and  without  the  sample  inside  the  applicator, 
respectively;  Og  is  the  resonant  frequency  and  Au  is  the 
difference  between  the  working  frequency  and  resonant 
frequency. 
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The  energy  absorption  of  the  sample,  P,,  can  be  increased 
by  either  raising  the  incident  power,  P, ,  or  improving 
the  energy  efficiency  of  the  applicator,  Raising  the 
incident  power  would  seem  to  be  a  simple  way  to  couple 
more  energy  into  a  sample.  However,  it  was  experimentally 
demonstrated  that  the  increase  of  incident  power  P,  was 
limited  by  arcing  and  the  plasma  generated  in  the 
applicator'^.  In  order  to  increase  the  incident  power, 
either  high  vacuum  (<  10'®  torr)  or  high  pressure  can  be 
introduced  to  suppress  the  arcing  and  plasma  generation. 
For  some  ceramics,  e.g.  SiC  and  SijN^,  sintering  in  high 
vacuvun  may  cause  the  problems  of  decomposition  and 
vaporization.  The  pressurization  not  only  suppresses  the 
plasma  generation  but  also  inhibits  the  decomposition 
and  the  vaporization.  However,  the  use  of  vacuum  and 
pressurization  in  regular  sintering  processes  is  not 
convenient  or  necessary.  By  improving  the  energy 
efficiency  of  the  applicator,  Eff,  some  ceramics  with  low 
loss  factors  have  been  successfully  sintered  in  a  single 
mode  applicator’®. 

It  is  seen  from  Eg  (1)  that  a  high  E„  mainly  depends  on 
(1)  a  critical  tuning  and  coupling  (Ao=0,  for  a 
minimum  power  reflection,  (2)  a  low  ratio  of  Q'f/Qg  for 
less  wall  loss.  Since  Q'^  is  proportional  to  the 
reciprocal  of  the  dielectric  loss  factor  (l/e^tanA), 
therefore  for  samples  with  high  loss  factor,  Q’q  <  Qp, 
the  wall  loss  is  negligible  and  the  energy  efficiency  is 
not  sensitive  to  Qg.  For  samples  with  low  loss  factors, 
E,^  becomes  sensitive  to  Qg.  A  high  Qg  factor  is  necessary 
to  achieve  a  high  energy  efficiency,  E„. 

CRITICAL  TUNING  AND  COUPLING 

Tuning  is  performed  by  moving  a  short  circuit  to 
compensate  for  the  shifting  of  the  resonant  frequency 
(Ao) .  The  shifting  of  the  resonant  frequency,  Ao,  is 
mainly  caused  by  two  factors:  (a)  the  stability  of  the 
magnetron  frequency  and  (b)  the  dielectric  constant, 

Since  the  variation  of  c,  with  temperature  for  many 
ceramics  is  insignificant^,  only  a  slight  adjustment  of 
the  position  of  the  short  circuit  is  needed  during  the 
sintering  process.  However,  for  sintering  ceramics  with 
low  loss  factors,  the  wall  loss  of  the  short  circuit  must 
be  minimized  in  order  to  ensure  a  high  Qg  factor  for  the 
energy  efficiency.  Many  designs  of  the  short  circuit  have 
been  well  established®’’.  Tuning  of  a  cavity  is  usually 
not  difficult  in  microwave  sintering. 
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Coupling  is  performed  to  compensate  for  the  shifting  of 
the  impedance  of  the  applicator.  The  shifting  of  the 
impedance  mainly  depends  on  the  dielectric  loss  factor, 
e^tani^^.  Since  the  dielectric  loss  factor,  c^tan6,  for 
many  ceramics  changes  markedly  with  temperature,  the 
Impedance  of  the  applicator  is  widely  shifted  during 
heating.  A  plate  iris  has  been  long  used  for  coupling.  It 
has  the  advantage  of  negligible  wall  loss  and  thus  can  be 
used  to  construct  a  high  Qq  applicator  for  sintering  of 
low  loss  factor  ceramics^.  However,  the  use  of  the  plate 
iris  is  limited  because  its  size  can  not  be  adjusted  to 
compensate  for  the  wide  shifting  of  impedance  during  the 
sintering  process.  Alternatively  the  adjustable  iris  has 
been  developed  for  continuous  coupling  adjustments.  The 
design  of  the  adjustable  iris  consists  of  two  sliding 
gates  and  two  choked  flanges  as  shown  in  Fig.l*'’°.  The 
size  of  iris  can  be  changed  by  moving  the  gates.  The  use 
of  an  adjustable  iris  significantly  improved  the 
coupling  efficiency  as  shown  in  Fig. 3.  With  a  plate  iris 
of  37.5  mm  ,  the  maximum  temperature  of  a  Y-TZP  sample 
was  1250*  C  with  800  W  incident  power  and  it  was  1800 ■■  C 
with  200  W  power  when  an  adjustable  iris  was  used’"'*. 

INFLUENCE  OF  Q  FACTOR  ON  ENERGY  EFFICIENCY 

Although  the  adjustable  iris  improves  the  coupling 
efficiency  significantly,  it  may  also  reduce  the  Qq 
factor  because  of  its  complex  structure.  This  complex 
structure  causes  additional  energy  losses  on  the  wall  of 
the  component.  For  instance,  when  an  plate  iris  of  25  mm 
was  replaced  by  an  early  designed  adjustable  iris,  the  Qq 
factor  dropped  from  2409  to  300.  This  adjustable  iris 
worked  well  in  sintering  of  Y-TZP,  ^-A1,0^  and  AljOj-TiC 
composites,  but  was  incapable  of  heating  pure  Al^Oj 
samples  because  of  arcing  and  rapid  warming  of  tne 
adjustable  iris  itself.  In  contrast,  the  samples  of  pure 
Al.O,  were  successfully  sintered  in  the  same  applicator 
with  a  plate  iris  of  25  mm^.  This  example  confirmed  the 
fact  mentioned  earlier  that  the  energy  efficiency  becomes 
very  sensitive  to  the  factor  when  heating  microwave 
transparent  materials.  Therefore,  for  the  purpose  of 
sintering  low  loss  factor  ceramics,  the  internal 
structure  of  the  adjustable  iris  has  to  be  optimally 
designed  to  minimize  the  energy  loss.  We  modified  the 
early  version  adjustable  iris  and  developed  a  new  version 
through  the  use  of  some  innovative  design.  The  tests  of 
the  new  adjustable  iris  exhibited  some  encouraging 
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Fig. 3  Variation  of  temperature  with 
incident  power  using  different  iris 
in  microwave  sintering  of  Y-TZP. 


Fig. 4  Temperature  curves  for  heating 
pure  alumina  and  95%  alumina  rods  v.’ith 
modified  (high  Q)  adjustable  iris  and 
unmodified  (low  Q)  adjustable  Iris. 

Pure  alumina  (sample  B)  was  not  able 
to  be  heated  up  by  the  unmodified  iris. 
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results,  the  Qg  factor  was  raised  to  1700  which  is  close 
to  the  value,  of  2400  for  a  near  lossless  plate  iris. 
Using  this  new  adjustable  iris,  pure  alumina  (CR30) 
samples  (tan£  >  5x10'*)  have  been  rapidly  heated  and 
sintered  at  1700*  C.  Fig. 4  shows  the  difference  in 
heating  rates  using  the  new  design  'high  Q'  adjustable 
iris  and  the  old  'low  Q'  adjustable  iris’®. 

TEMPERATURE  HETEROGENEITY 

It  was  generally  observed  from  our  rapid  sintering 
experiments  that  the  temperature  of  ceramic  samples  was 
often  radially  and  axially  ncnuniform.  The  temperature 
was  always  higher  in  the  center  of  the  samples  than  at 
the  surface.  Fig. 5  shows  an  example  of  the  variation  of 
axial  temperature  profiles  of  Al^Oj-TiC  rod  samples  with 
different  compositions  and  temperatures  in  a  TEjq„ 
applicator.  Although  the  radial  temperature  gradient  is 
difficult  to  measure  experimentally,  it  may  be  inferred 
from  the  grain  size  raeasurements.  It  was  observed  that 
the  surface  grains  of  a  microwave  sintered  alumina  sample 
were  smaller  than  those  in  the  center^.  Based  on  the 
experimental  observation,  we  hypothesized  the  thermal 
dynamics,  as  shown  in  Fig. 6,  to  display  the  variation  in 
radial  temperature  of  a  rod  sample  during  a  microwave 
sintering  process’^.  At  first,  the  temperature  gradient 
increases  with  the  increasing  temperature,  t=l.  At  the 
transition  stage  t=2,  where  sintering  has  begun,  the 
temperature  gradient  reaches  its  maximum.  As  the  sample 
densifies  in  the  stable  sintering  stage,  the  thermal 
conductivity  increases  and  the  temperature  gradient 
decreases. 

THERMAL  RUNAWAY 

Thermal  irunaway  was  a  serious  problem  often  observed  in 
microwave  sintering  in  those  ceramics  which  had  a  low 
thermal  conductivity  and  whose  dielectric  loss  factor  was 
strongly  temperature  dependent.  Fig. 7  shows  a  typical 
temperature  profile  of  thermal  runaway  in  an  alumina 
sample’*.  At  temperature  below  1000*  C,  heating  was  slow 
because  the  dielectric  loss  factor  was  very  low  in  this 
temperature  regime.  A  uniform  hot  zone  in  the  center  of 
cavity  was  observed.  In  the  temperatures  range  from  1100 
to  1400*  C,  the  heating  rate  was  markedly  accelerated. 
The  hot  zone  started  to  shrink  rapidly  to  a  tiny  bright 
spot  and  the  temperature  reached  the  melting  point  almost 
instantly  {10-20  seconds  as  shown  in  Fig.7) .  The  melting 
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Fig. 5  Axial  temperature  distribution 
toT  different  compositions  of  Al203-TiC 
samples  heated  in  a  TE^Qf^  applicator. 
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fig. 6  Sch«»«tlc  r«pr«s«nt8tion 
of  ra:3i«l  toaparaturo  distrlbu* 
tlonv  in  rod  aanpla^  at  various 
arbitrary  tinas  during  Bicrovava 
hasting  froa  rooa  taaparatura  to 
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at  constant  input  power.  The  zero 
of  time  was  defined  at  900  C,  which 
occurred  approximately  5  minutes 
after  the  application  of  power 
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usually  started  in  the  center  and  spread  rapidly 
outward. 

FACTORS  AFFECTING  THE  TEMPERATURE  UNIFORMITY 

The  temperature  heterogeneity  and  the  instability  of 
ceramic  samples  during  microwave  sintering  are  influenced 
by  many  factors  related  to  both  the  operation  parameters 
of  microwave  hardware  and  the  properties  of  materials.  It 
was  concluded  in  our  previous  experimental  study  that  the 
following  conditions  were  the  major  causes  of  the 
temperature  heterogeneity  and  thermal  runaway’*. 

(1)  Low  thermal  conductivity. 

(2)  Rapid  increase  in  dielectric  loss  factor  with 
increasing  temperature. 

(3)  Large  size  and  complex  geometry  of  the  sample. 

(4)  High  heating  rate  and  high  processing  temperature. 

(5)  Nonuniform  electromagnetic  field. 

COMPUTER  SIMULATION  OF  TEMPERATURE  PROFILES 

It  is  difficult  to  experimentally  measure  the  temperature 
distributions  and  variations  inside  ceramic  samples 
during  rapid  sintering.  As  a  result  of  the  limitations  of 
the  experiments,  a  numerical  program  has  been  developed 
to  compute  the  dynamic  temperature  profiles  of  a 
microwave  heated  ceramic  rod’*'^*.  This  numerical  thermal 
analysis  makes  it  possible  to  quantitatively  evaluate  the 
contribution  of  each  factor  listed  above. 

The  thermal  physical  model  of  this  computation  is 
illustrated  in  Fig. 8.  A  cylindrical  ceramic  sample,  e.g. 
AljOj,  is  placed  in  a  rectangular  applicator.  Heat  is 
generated  within  the  shaded  area  of  the  sample,  where  a 
constant  electric  field  is  assumed  for  simplicity.  The 
instantaneous  temperature  distribution  T(r,z,t)  inside 
the  sample  is  a  solution  of  the  heat  equation: 


where  Cp(T)  and  K{T)  are  the  specific  heat  and  tl\y 
thermal  conductivity  of  the  material,  respectively.  Both 
are  temperature  dependent,  p  is  the  density  of  the  sample 
assumed  constant  during  heating.  The  heat  generated 
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inside  the  material,  Q,  due  to  the  absorption  of 
microwave  energy,  is  given  by 


0^€,tan6^*  ( 3 ) 


where  K*  is  a  constant  and  the  electric  field,  E  is 
assumed  as  a  uniform  distribution,  c^tan5  is  the 
dielectric  loss  factor  which  is  also  a  function  of  the 
temperature.  Eq(2)  is  subject  to  the  following  boundary 
condition: 


If  Ld/a=l-49  *e,ao(Ti-7t)  (4) 


where  the  first  and  second  terms  on  the  right  hand  side 
are  energy  loss  at  the  surface  through  convection  and 
radiation,  respectively.  T,  is  the  surface  temperature 
and  Tq  is  the  ambient  temperature,  is  the  emissivity 
and  Og  is  the  Boltzmann  constant. 

This  equation  was  numerically  solved  by  an  explicit 
finite  difference  method’*.  Some  typical  results, 
illustrated  below,  show  the  behavior  of  the  temperature 
distribution  of  various  samples  under  different  heating 
conditions. 

Fig. 9  shows  the  dynamic  temperature  variation  of  an  8mm 
alumina  sample  with  the  coupled  microwave  power.  At  low 
power  levels  (lOOW  and  200W)  the  steady  state 
temperatures  were  reached.  As  power  increased  to  400W 
thermal  runaway  occurred  within  40  seconds. 

Fig.lO  shows  computed  two  dimensional  temperature 
distributions  of  an  8mm  alumina  rod  heated  under 
different  microwave  power  levels.  It  can  be  seen  that 
even  in  a  uniformly  distributed  electric  field, 
nonuniform  temperature  distributions  were  observed  in 
both  the  radial  and  the  axial  directions.  It  can  also  be 
seen  that  a  high  heating  rate  and  a  high  temperature  may 
enhance  the  temperature  gradient. 

Fig. 11  shows  a  plot  of  the  radial  temperature  profiles 
for  different  sizes  and  densities  of  samples.  It  can  be 
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Fig. 8  Thermal  physical  model  for  a  ceramic 
cylinder  under  a  uniform  microwave  heating. 


Fig. 9  Variation  of  temperature  with  time 
at  the  center  of  an  AI2O3  rod  (d=8mm, 
L»=22cm,  H=5.5cm) 
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Flq.lO  Two  dimensional  temperature  distributions 
of  8  mm  AI2O3  rod  heated  with  different  power 
levels,  (a)  Heated  at  200W  for  200  seconds, 
a  steady  temperature  state  at  point  A  as  shown 
in  Fig. 9.  (b)  Heated  with  400W  for  40  Seconds, 
a  transient  temperature  at  point  B  of  Fig. 9. 


Fig. 11  Radial  temperature  distributions  for 
different  sizes  and  densities  of  AI2O3  samples 
with  400W  absorbed  power.  (  X  is  the  distance 
to  the  central  axis  and  R  is  the  radius) . 
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seen  that  the  temperature  difference  between  the  surface 
and  the  centers  of  the  samples  increased  with  the 
increasing  sample  size  and  porosity.  These  results 
indicated  that  for  those  samples  of  large  size  and  poor 
thermal  conductivity,  the  center  of  the  sample  might 
start  to  melt  while  the  surface  is  still  well  below  the 
normal  sintering  temperature.  The  stress  between  the 
shrunken  part  in  the  center  and  the  un-shrunken  part  at 
the  surface  might  cause  cracking. 

All  the  foregoing  computed  results  are  consistent  with 
our  previous  experimental  observations.  Fig. 12  shows  a 
good  agreement  between  the  computed  results  and  the 
experimental  measurement  for  the  axial  temperature 
profiles  of  an  8  mm  alumina  rod  heated  with  200  W. 

CRACKING  INDUCED  BY  THERMAL  STRESS  AND  PHASE 
TRANS  FORMATIONS 

Cracking  of  ceramic  samples  frequently  occurred  during 
rapid  sintering  of  ceramics.  Once  the  cracking  initiated, 
arcing  and  plasma  generation  occurred  simultaneously  in 
the  local  cracked  area.  This  resulted  in  a  rapid  drop  of 
the  sample  temperature.  A  high  temperature  gradient  and 
a  rapid  heating  rate  are  the  major  causes  of  cracking. 
This  type  of  cracking  usually  begins  at  the  onset  of 
densif ication  and  grows  along  the  boundary  between  the 
hot  zone  and  dark  area  where  the  highest  stress  is 
induced  as  a  result  of  difference  in  shrinkage  between 
the  hot  area  and  the  cold  area. 

Phase  transformation  induced  cracking  was  observed  in 
microwave  sintering  of  Y-TZP  samples’^.  Commercial  Y-TZP 
powder  always  contains  a  few  percent  of  residual 
monoclinic  phase.  When  the  ZrOj  monoclinic  phase 
transformed  into  the  tetragonal  phase  during  heating,  the 
high  volume  change  (9%)’^  associated  with  this 
transformation  induced  high  stress  and  thus  caused  the 
cracking.  This  type  of  cracking  usually  occurred  in  the 
center  of  the  sample  where  the  phase  transformation 
temperature  was  first  reached. 

SOME  PRACTICAL  APPROACHES  TO  AVOID  THERMAL  RUNAWAY  AND 
CRACKING 

The  thermal  runaway  and  cracking  may  be  avoided  by  two 
major  approaches:  (a)  changing  the  properties  of 
materials  to  improve  the  thermal  conductivity,  and  (b) 
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AXIAL  DISTANCE  (CM) 

Fig.  12  A  coraparison  of  computed  results  with 
experimental  data  for  axial  temperature 
profiles  of  a  95%  AI2O3  rod  heated  with  200  W 
microwave  power. 


Fig. 13  Temperature  profile  of  AI2O3  sample 
controlled  by  varying  microwave  input  power. 
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carefully  controlling  the  heating  rate  by  varying  the 
input  power. 

Theimal  runaway  did  not  occur  in  high  thermal  conductive 
ceramics,  e.g.  Sic  and  ZrOj.  Therefore,  adding  conductive 
fiber  or  powder  into  low  thermal  conductive  matrix  not 
only  improves  the  microwave  absorption  of  the  sample,  but 
also  eliminates  the  thermal  runaway.  For  instance,  20  vt% 
Tic  was  found  to  be  a  transition  composition  for  AljO^- 
TiC  composites  above  which  thermal  runaway  was 
eliminated^^. 

For  low  thermal  conductive  ceramics,  such  as  alumina  and 
mullite,  thermal  runaway  can  be  avoid  by  a  careful 
control  of  the  input  power  during  the  sintering  process. 
Fig. 13  shows  a  typical  example  for  the  sintering  of  a- 
AljOj^.  A  large  constant  power  was  applied  in  the 
preheating  stage  of  a  low  temperature  regime.  In  the 
transition  stage  of  1000-1400*  C,  the  heating  rate  was 
reduced  by  varying  or  pulsing  input  power,  as  shown  in 
Fig.  13,  to  avoid  the  acceleration  of  the  temperature  rise 
and  thermal  runaway.  As  the  sample  began  to  densify,  the 
thermal  conductivity  increased  and  the  temperature 
gradient  decreased.  The  sample  finally  reached  a  steady 
state  temperature  in  the  stable  sintering  stage. 

As  mentioned  earlier,  the  thermal  stress  induced  cracking 
was  mainly  caused  by  either  large  temperature  gradients 
or  high  heating  rates.  Therefore,  the  two  approaches 
mentioned  above  can  be  used  for  avoiding  cracking.  In 
addition,  by  improving  the  strength  of  green  samples 
before  rapid  sintering,  such  as  presintering  green 
samples  to  70-80%  TD  using  either  conventional  or 
microwave  heating,  the  chances  of  cracking  may  be  reduced 
significantly” . 
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ABSTRACT 

High  purity  submicron  powders  were  sintered  in  a  single  mode  cylindrical 
cavity  applicator  CMPR-250  operating  at  2.45  GHz  in  the  TM012  mode.  The 
alumina  powders  could  be  sintered  from  an  initial  green  density  of  60  %  to  a 
final  density  close  to  theoretical.  Rapid  heating  rates  at  very  low  power  level 
were  achieved.  Uniform  microstructure  and  relatively  small  grain  size  in  the 
microwave  sintered  alumina  were  evident.  The  initial  results  of  this  study 
demonstrate  the  potential  applicability  of  a  single  mode  applicator  for  sintering 
alumina  ceramics. 

INTRODUCTION 

When  microwaves  penetrate  and  propagate  through  a  dielectric  material,  the 
internal  electric  fields  generated  within  the  affected  volume  induce  translational 
motions  of  free  or  bound  charges  and  rotate  charge  complexes  such  as  dipoles.  The 
resistance  of  these  induced  motions  causes  losses  and  attenuates  the  electric  field, 
and  volumetric  heating  results  due  to  these  losses.  Absorption  of  the 
electromagnetic  energy  inside  the  material  is  direct  when  the  material  couples 
with  the  microwaves,  consequently,  high  heating  rates  can  be  achieved.  The 
interaction  being  a  direct  one,  this  particular  kind  of  heating  source  has  a  low 
thermal  inertia.  Energy  can  be  quickly  deposited  or  removed  from  the  material. 
These  are  the  advantages  of  microwave  heating.  However  the  heating  is  limited  by 
several  factors  in  certain  materials  that  are  transparent  to  the  microv/aves  at 
room  temperature,  and  would  require  preheating  to  some  critical  temperature. 


•  Permanent  address  :  Laser  and  Plasma  Technology  Division 
Bhabha  Atomic  Researcn  Centre,  Trombay,  Bombay  400  085,  INDIA. 
+  Member,  American  Ceramic  Society. 
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Microwave  and  radio  frequency  dielectric  heating  is  easy  when  a  material  is 
polarizable,  which  efficiently  converts  the  energy  absorbed  from  the  oscillating 
electric  field  into  the  thermal  energy  in  the  lattice  [1,  2]. 

The  power  absorbed  by  a  dielectric  in  an  electric  field  is  given  by  : 


P  -  2  n  f  e  (£2/2)  tan  d 


(1) 


where 

P  -  power  absorbed  in  the  material 

e  -  dielectric  permittivity 

f  «  frequency  of  the  incident  radiation 

E  «  electric  field  strength 

tan  a  -  loss  tangent  of  the  material 

The  equation  (1)  provides  an  approximation  of  P  and  shows  it's  dependence  on 
the  variables.  The  losses  in  the  ceramics  at  microwave  frequencies  are  not  fully 
understood  and  are  possibly  due  to  ionic  migration,  ionic  vibration  and  electronic 
polarization.  It  is  evident  that  many  ceramics  do  not  display  high  loss  factors 
(3,  4].  The  absoption  of  microwave  energy  in  the  material  is  determined  by  the 
depth  of  wave  penetration  which  varies  with  temperature  and  frequency.  The 
power  available  at  the  surface  falls  off  exponentially.  Therefore,  size  of  a  given 
sample  will  determine  the  frequency  f  at  which  the  sample  can  be  effectively 
heated.  For  the  frequencies  in  the  r.f.  band,  the  dimensions  are  in  meter.  At 
miaowave  frequencies  dimensions  decrease  to  a  few  centimeters. 

Temperature  and  impurities,  however,  can  have  a  significant  effect  on  the 
energy  losses  in  ceramics.  Conduction  losses  are  typically  found  to  be 
predominant  at  higher  temperatures.  The  loss  tangent  and  conductivity  are 
directly  related.  In  some  cases  introduction  of  impurities  can  be  used  to  increase 
the  conductivity  and  loss  factor  to  the  desired  level.  As  the  losses  go  up  the  depth 
of  penetration  decreases,  opposing  unifomri  sintering.  On  the  other  hand  decreases 
in  the  thermal  conductivity  of  the  material  with  temperature  plays  a  significant 
role  in  obtaining  the  desired  heating  profile. 

The  rate  of  heating  increases  with  temperature  for  ceramics  tike  AI2O3.  It  is 
therefore  necessary  to  control  the  power  to  prevent  thermal  runaway.  Again,  in 
order  to  Induce  absorption  of  the  microwave  energy  in  the  materials  it  is 
sometimes  necessary  to  preheat  the  material  before  it  effectively  starts  to  couple 
with  the  microwaves  [5].  Sintering  aids  which  might  couple  at  low  temperatures 
and  bum  off  at  higher  temperature  may  be  an  alternative  to  the  preheating 
problem. 

Rapid  heating  of  materials  minimizes  segregation  of  the  impurities  to  the  grain 
boundaries  while  a  decrease  In  sintering  time  reduces  grain  growth  (5], 
Temperature  gradients  In  conventional  heating  cause  greater  pore  elimination  at 
the  surface  (Bj.  Heating  internally  (thereby  creating  higher  internal 
temperatures)  while  cooling  the  surface  will  definitely  be  helpful  In  providing 
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more  uniform  final  pore  elimination.  Good  uniformity  of  the  microwave  sintering 
is  not  an  easy  objective  to  achieve  and  requires  a  knowledge  of  the  materiars  high 
temperature  microwave  properties  as  well  as  ability  to  modify  and  control  them. 

Microwave  applicator  and  system  design  allow  significant  flexibility 
(depending  on  the  designer's  ingenuity)  in  controlling  these  factors.  Many 
ingenious  designs  tor  applying  the  microwave  power  to  process  materials  have 
been  reported  in  the  literature.  The  difficulties  encountered  in  efficient 
microwave  heating  of  the  ceramics  can  be  reduced  by  using  a  tunable  resonant 
cavity.  Single  mode  resonant  systems  can  be  designed  to  yield  very  high  electric 
field  strength.  Since,  power  absorbed  by  the  material  is  proportional  to  the 
square  of  the  electric  field  strength  as  shown  in  equation  (1),  use  of  a  single 
mode  applicator  helps  in  inducing  absorption  in  materials  having  low  dielectric 
loss. 

Microwave  sintering  of  AI2O3  has  been  tried  by  several  investigators  [7,  8]. 
The  purpose  of  this  study  is  to  show  the  feasibility  of  using  a  single  mode 
applicator  for  sintering  alumina.  The  objectives  are  also  to  avoid  the  use  of 
binders  and/or  susceptors  around  the  samples. 

EXPERIMENTAL  PROCEDURE 

Equipment  set  up 

Single  mode/controlled  multimode  cavities  appear  to  have  an  advantage  over 
conventional  multimode  applicators.  In  a  single  mode  cavity  one  has  the 
flexibility  of  focusing  energy  at  a  given  location  of  the  sample.  We  used 
Wavemars  single  mode,  internally  tuned  resonant  cavity  CM  PR-250  described 
by  Asmussen  et.al.  (9].  Some  of  the  empty  cavity  modes  that  are  individually 
excited  in  this  applicator  are  TEno.  TM012.  TE211,  TE011&TM111 
(degenerate  mode)  and  TEn  1 . 

The  experimental  system  consists  of  a  variable  power-CW  microwave  power 
supply  3  KW-operating  at  2.45  GHz,  2  circulators  and  matched  dummy  loads, 
power  meters  (that  measures  the  incident  power  Pj  and  the  reflected  power  Pr), 
a  coaxial  input  coupling  system,  single  mode  cavity  and  Accufibre  temperature 
measurement  system*. 

When  the  applicator  is  loaded  with  a  material,  '.he  resonant  modes  are  shifted 
from  empty  cavity  resonant  modes  and  probably  become  hybrid  (combination  of 
more  than  one)  modes.  Depending  on  the  material's  properties  and  position  in  the 
cavity,  new  cavity  modes  may  be  encountered.  The  material  is  kept  on  the  cavity 
base  plate  on  a  boron  nitride  platform  in  the  centre  of  the  cavity.  The  material 
can  be  viewed  through  a  copper  screen  window.  Power  is  fed  to  the  cavity  through 
an  adjustable  coaxial  input  probe. 

Adjustment  of  the  short  length  Ls  and  coupling  probe  position  Lp  are  made 
manually.  Short  and  the  probe  positions  are  measured  within  0.1  mm  by 
micrometer  indicators. 


*  Model  100  C,  Accufiber,  Inc.,  Beaverton,  OR  97005. 


Microwaves 


303 


To  provide  uniform  heating,  the  sample  dimens  ons  are  limited  to  half  a 
wavelength.  At  2.45  GHz  dimensions  are  limited  to  approximately  6  cm.  A  larger 
size  sample  will  require  lower  frequencies. 

This  single  mode  applicator  has  the  ability  to  focus  and  match  the  incident 
microwave  energy  into  the  process  material.  This  is  accomplished  with  single 
mode  excitation  and  internal  cavity  matching.  The  matching  is  labelled  ’internal 
cavity*  since  all  tuning  adjustments  take  place  inside  the  cavity. 

The  input  impedance  of  the  microwave  cavity  is  given  by 


Zin  “  Rin  +  j  Xjn  (2) 

Rin  and  ]  Xin  are  the  cavity  input  resistance  and  reactance  and  represent  the 
complex  load  impendence  as  seen  by  the  feed  transmission  tine.  At  least  two 
independent  adjustments  are  requir^  to  match  th;s  cavity  load  to  a  transmission 
line.  The  probe  and  sliding  short  tuning  of  the  cavity  applicator  provide  these  two 
required  degrees  of  freedom.  Continuous  tuning  is  required  as  the  material's 
dielectric  properties  change  during  processing. 

The  ceramic  pellet  is  encapsulated  in  a  smalt  amount  of  fiber  insulation  and  the 
sample  is  irradiated  by  the  microwave  energy  by  first  adjusting  the  probe  and 
cavity  length  positions  to  excite  a  specific  loaded  cavity  resonance  (to  match  the 
cavity  applicator  to  the  input  transmission  system).  The  specific  mode  selection 
depends  on  the  shape  and  location  of  the  ceramic  pellet.  For  a  cylindrical  pellet 
kept  in  the  center  of  the  cavih/,  the  TM012  mode  with  its  electric  field  along  the 
cavity  axis  is  a  logical  processing  mode.  For  flat  samples,  TE  modes  will  be  a 
suitable  choice. 

Once  adjusted  for  a  match  in  the  pre-specified  mode,  microwave  power  is 
applied  and  is  absorbed  in  the  cavity  with  minimum  reflected  power,  and  heating 
of  the  material  begins.  This  changes  the  material  properties  and  the  O  of  the 
cavity.  The  change  in  materials  complex  dielectric  constant  results  in  the  shift  in 
the  cavity  resonance  and  hence  the  change  in  the  applicator  input  impedance. 
During  heating,  the  applicator  length  Ls  and  probe  length  Lp  are  adjusted 
manually  to  maintain  reflected  power  to  a  minimum  (i.e.  the  applicator  is  kept 
tuned  as  the  materiars  properties  change).  Since  the  tuning  distances  are  a  few 
mm,  the  tuning  process  can  be  quickly  performed  either  manually  or  with  small 
motors.  Thus  tuning  also  can  be  utilized  as  a  sample  input  power  control 
technique. 

The  ability  to  tune  a  cavity  gives  freedom  of  mode  selection  and  also  allows 
different  material  loads  to  be  matched  to  a  constant  frequency  power  source.  The 
flexibility  in  tuning  during  the  operation  cancels  the  variation  in  the  cavity 
resonant  frequency  caused  by  cavity  expansion  or  contraction  due  to  changes  in 
ambient  temperature.  The  changes  due  to  relative  humidity  in  air  inside  the 
cavity  can  also  be  cancelled. 

Sample  preparation  and  experiment 

We  used  two  grades  of  AI2O3  powders  for  this  sintering  study.  A16SG*  (Alcoa) 
and  Sumitomo  alumina  grade  AKP-30MG**.  The  manufacturers  quote  the  surface 
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area  of  the  powders  to  be  8.6  arnj  7.1  m^/gm,  respectively.  Average  particle 
size  is  0.52  and  0.41  pm,  respectively. 

The  powders  were  rolled  with  the  alumina  grinding  media  and  isopropyl 
alcohol.  The  slurries  wete  dried  under  an  IR  lamp  and  the  powders  were  sieved 
through  a  100  mesh  screen.  The  sieved  powders  were  cold  isostaticaliy  pressed 
into  25.4  mm  dia.  x  25.4  mm  height  pellets  at  a  pressure  of  276  MPa.  The 
A16SG  AI2O3  pellets  were  calcined  at  1000  C  for  1  hour.  The  AKP-30MG  pellets 
were  kept  in  the  oven  at  100  C  for  12  hours  to  remove  the  moisture.  No  binder 
was  added  during  processing.  The  green  densities  of  the  pellets  were  around  60  % 
of  the  theoretical  density. 

The  pellets  were  embeded  in  the  AI2O3  fiber  insulation  and  the  insulated  pellet 
was  kept  in  the  centre  of  the  base  plate  of  the  cavity.  The  incident  microwave 
power  was  coupled  with  the  help  of  the  coupling  probe.  Tuning  of  the  particular 
mode  was  accomplished  by  adjusting  the  position  of  a  sliding  short  and  the 
coupling  probe.  A  hole  of  ~  3  mm  diameter  was  drilled  through  the  insulation  to 
view  the  sample  surface  by  the  accufiber  optical  pyrometer  through  a  non- 
radiating  opening  on  the  wall  of  the  cylindrical  cavity. 

Accurate  temperature  measurement  was  restricted  by  three  factors.  First,  a 
thermocouple  was  tried  but  the  leads  started  to  act  as  antenna  causing  a  loss  of 
microwave  energy  from  the  cavity.  Second,  error  in  the  sample  temperature 
measurement  was  due  to  the  interference  from  luminous  fiber  insulation  at  high 
temperature.  Third,  the  emissK/ity  of  the  sample  which  is  also  temperature 
dependent,  varies  during  sintering  due  to  morphological  changes. 

Nonetheless,  the  recorded  temperatures  which  were  probably  below  their  true 
value  did  provide  some  relative  temperature  differences  between  the  samples. 
Efforts  are  now  being  directed  to  get  the  true  estimate  of  the  temperature  and 
with  some  more  improvements  we  will  be  able  to  measure  the  temperature  of  the 
sample  to  a  reasonably  good  accuracy. 

The  samples  were  processed  according  to  the  schedule  shown  in  Figure  1.  To 
compare  the  results  of  the  microwave  processing  with  the  conventional 
sintering,  a  similar  sample  of  A16SG  was  sintered  at  1650  C  for  1  hour  with  the 
heating  and  cooling  rate  of  200  C/hour. 

The  densities  of  the  samples  were  measured  by  the  Archimedes  principle. 
Specimens  were  cut  from  the  sintered  samples  and  the  surfaces  were  polished  to 
a  0.25  pm  finish  with  diamond  paste.  The  samples  were  chemically  etched  to 
reveal  the  microstructure.  Both  the  chemically  etched  and  fractured  surfaces 
were  examined  using  a  scanning  electron  microscope  (JEOL***,  JSM-820). 


*  Akxa,  Aluminium  Company  of  America,  Pittsburgh,  PA. 
**  Sumitomo  Chemical  Company,  Ltd.,  Osaka,  Japan. 

***  JEOL,  USA,  Inc.,  Peabody,  MA  01960. 
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Ro.1.  Microwave  sintering  schedule  of  alumina  ceramics 
RESULTS  AND  DISCUSSIONS 

Results  on  the  microwave  sintering  of  the  alumina  specimens  are  shown  in 
Table  1. 


Table  1  Results  on  various  samples 


S.  No  Sample 

Heating  mode 

Temperature 
C  (Surface) 

Time 

(hours) 

%  Densification 

1 

A16SG 

Microwaves 

1200 

1.2 

97.76 

2 

A16SG 

Conventional 

1650 

17 

98.68 

3 

AKP30MG 

Microwaves 

975 

4 

100 

The  density  of  the  sample  using  microwave  sintering  was  97.76  %  of  the 
theoretical  for  A16SG.  To  get  a  similar  density  using  conventional  sintering  vre 
had  to  use  a  temperature  of  165C  0.  The  conventional  process  took  a  long  time 
(200  C/hour  heating/cooling  rale  with  1  hour  hold  at  1650  C)  as  compared  to  a 
total  72  minutes  for  microwave  processing.  The  sample  AKP-30MG  was  sintered 
to  theoretical  density. 


The  microstructures  of  the  various  samples  are  shown  in  the  Figs.  2-4.  A 
slight  variation  in  the  microstructure  was  observed  as  we  scanned  the  different 
regions  of  the  sample.  These  variations  suggest  that  the  electric  field  intensity  is 
different  at  the  centre  as  compared  to  the  edge.  The  difference  in  grain  size  may 
be  due  to  the  high  electric  field  intensity  at  the  centre. 

Based  on  our  observations,  sintering  can  be  potentially  divided  in  two  stages: 
preheating  and  sintering.  During  preheating  tha  samples  are  heated  for  a  few 
minutes  at  a  constant  input  power  of  300-400  watts.  Attempts  to  reach  the  final 
sintering  temperature  by  raising  the  input  power  without  preheating  the  sample, 
resulted  in  hot  spot  formation,  arcing  and  eventual  cracking  of  the  samples. 

A  uniform  hot  zone  can  only  be  formed  when  the  sample  is  properly  insulated. 
The  gradual  increase  in  sample  temperature  is  required  to  achieve  uniform 
densificaticn. 

The  thermal  runaway  phenomenon  which  is  frequently  observed  in  microwave 
sintering  was  avoided  through  proper  insulation  of  the  sample  and  by  careful 
control  of  input  power. 

Oensification  of  the  samples  was  noted  by  the  reflected  power  meter.  As  the 
material's  absorption  decreased  after  the  densification  and  the  minium  reflected 
power  increased. 


Fig.  2.  Fractured  surface  of  the  microwave  sintered  alumina  A16SG 
(SEI,  5000X) 
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Fig,  4.  Fractured  surface  of  microwave  sintered  alumina  AKP30MG 
(SEl,  5000  X) 
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The  observed  uniform  microstructure  can  be  explained  in  the  light  cf  rapid 
heating  rate.  The  sample  passes  mors  rapidly  through  the  lower  temperature 
regime  where  surface  diffusion  is  relatively  more  dominant  and  the  fine  grained 
structure  is  raised  rapidly  to  a  high  temperature  where  densification  dominates 
grain  growth. 

CONCLUSIONS 

High  purity  submicron  AI2O3  powders  have  been  densified  from  60  %  initial 
green  density  to  near  theoretical  density  by  using  a  tuneable  single  mode 
applicator  operating  in  the  TM012  mode  at  2.45  GHz.  The  time  required  to 
achieve  similar  density  with  conventional  sintering  is  much  higher  as  shown  in 
Table  1. 

Our  preliminary  results  show  the  potential  use  of  microwave  energy,  without 
any  need  for  susceptors  around  the  sample,  to  achieve  full  densification  of  fairly 
large  (25.4  mm  dia.  x  25.4  mm  height)  alumina  samples. 
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M.  A.  Janney,  C  L.  Calhoun,  and  H.  D.  Kimrcy 
Oak  Ridge  National  Laboratory 
Oak  Ridge,  TN  37831-6087 


ABSTRACT 

Microwave  sintering  of  zirconia  -  8  mol  %  ymia  in  a  2.45  GHz  microwave  furnace 
is  described.  The  nominal  sintering  temperature  of  the  zirconia  is  1375*C  in  the 
conventional  furnace,  but  is  only  1200*C  in  the  microwave  furnace.  Difficulties 
were  encountered  in  producing  uncracked  sintered  parts  in  the  microwave  furnace 
because  of  the  low  thermal  conductivity  and  rapid  change  in  dielectric  properties  of 
the  zirconia.  An  indirect  heating  method  was  developed  to  alleviate  these  problems 
and  to  make  heating  more  uniform. 

INTRODUCTION 

This  investigation  was  concerned  with  the  sintering  of  yttria-stabilized  zirconia, 
using  microwave  heating.  Microwave  firing  has  been  demonstrated  to  reduce  tlie 
temperature  required  for  sintering  of  a  number  of  ceramic  materials'-^.  Thus  it  was 
conjectured  that  the  sintering  temperatures  of  the  zirconia  could  be  lowered 
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MATERIALS  AND  METHODS 


All  samples  in  the  study  were  prepared  from  TOSOH  powders,  either  TZ3Y  (3  mol 
%  yttria)  or  TZ8Y  (8  mol  %  yttria)*.  A  thermocouple  well,  15/64  in.  (6mm)  diam 
by  1/2  in.  (13mm)  deep,  was  drilled  in  the  microwave  samples;  this  ensured  good 
contact  during  firing  between  the  sample  and  a  molybdenum-sheathed.  Type  C 
thermocouplet  tenq>ciature  probe  embedded  in  the  part  Sample  densities  were 
determined  by  Archimedes  principle  using  ethanol  as  the  suspending  fluid. 

The  microwave  furnace  used  in  this  study  was  built  in-house.  It  consisted  of  a 
water-cooled  aluminum  vacuum  vessel,  20  in.  (50  cm)  diam  by  24  in.  (61  cm) 
long,  with  integral  mode  stirrer,  forward  and  reflected  power  meters,  microwave 
safety  interlocks,  and  ports  for  Ar  and  N2  gas  feeds  and  thermocouple  penetrations. 
Power  was  supplied  by  a  2.6  kW,  continuously  variable,  2.45  GHz  microwave 
genciatort.  The  microwave  power  was  controlled  either  manually,  or  through 
feedback  control  from  a  standard  PED  controller. 

RESULTS  AND  DISCUSSION 

Initial  Sintering  Studies  on  Zr03>3  mol  %  Y3O3 

The  initial  microwave  sintering  experiments  were  conducted  using  a  techniq,  that 
was  developed  for  our  previous  work  on  aluminai .  The  part  to  be  sintered  was 
buried  in  bulk  zirconia  fiberi  which  was  contained  in  an  insulating  crucible  made  of 
alumina  fiberboardt.  Fig.  1.  A  1/8  in.  (0.3  cm)  diam  molybdenum-sheathed.  Type 
C  thermocouple  embedded  in  the  part  was  used  to  measure  the  temperarure.  The 
use  of  the  zirconia  bulk  fiber  ensured  that  the  insulation  closest  to  the  zirconia  pan 
had  microwave  heating  charaacristics  similar  to  those  of  the  zirconia  pan  being 
sintered.  This  arrangement  was  designed  to  help  to  reduce  thermal  gradients  in  the 
part  being  sintered.  For  the  alumina  case,  this  arrangement  had  been  quite  satis¬ 
factory.  For  zirconia  fired  at  2.45  GHz,  additional  measures  were  needed  as  will 
be  shown  below.  The  alumina  fiberboand  crucible  aacd  as  the  primary  thermal 
insulation  because  it  was  heated  very  little  by  the  2.45  GHz  microwave  field. 

The  first  set  of  zirconia  sintering  experiments  at  2.45  GHz  was  universally 
unsuccessful.  Severe  cracking  of  the  zirconia  was  encountered  irrespective  of  the 
thermal  cycle,  including  rate  of  hearing  (from  0.5  to  10“C!l/niin),  intermediate  temper¬ 
ature  soaks  (at  300  to  500°C),  and  the  peak  sintering  temperature  (from  1000  to 
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1300®C).  "Runaway"  heating  conditions  were  routinely  encountered  during  which 
the  therrnocouple  temperature  would  rise  rapidly,  even  though  the  microwave 
power  into  the  furnace  might  aaually  be  falling.  Figure  2a  shows  a  typical  part 
after  sintering.  Note  the  "onion”-type  structure  that  developed  during  firing. 

The  electric  field  distribution  in  the  2.45  GHz  furnace  that  was  used  in  this  inves¬ 
tigation  is  non-uniform.  It  was  hypothesized  that  the  non-uniform  sintering  which 
was  observed  in  the  present  investigation  was  caused  by  variations  in  the  electric 
field,  which  in  turn  led  to  thermal  runaway  conditions  in  a  small  volume  of 
material.  To  test  this  hypothesis,  sintering  runs  were  made  in  a  high-uniformity, 

28  GHz  microwave  furnace  in  which  the  worst-case  variation  in  the  electric  field 
strength  is  ±  4%  of  the  mean  valued.  The  result  for  a  ZrOa  -  3  mol  %  Y2O3  part  is 
shown  in  Fig.  2b.  The  part  sintered  to  high  density  (>99.9  %  td)  at  1 15{)°C  with 
no  cracking  or  warping,  even  though  a  very  high  heating  rate  (-30°C/min)  was 
used. 

Approach  to  Improved  Microwave  Heating  of  Zirconia  at  2.45  GHz 

Based  on  the  sintering  experiments  outlined  above,  it  was  concluded  that  control  of 
the  heating  of  the  zirconia  to  a  temperature  of  6(X)  -  700  °C  was  necessary  in  the 
2.45  GHz  microwave  furnace.  To  accomplish  this,  a  combination  of  "indirect"  and 
"direct"  microwave  heating  at  2.45  GHz  would  be  required.  Crack-free  zirconia 
parts  should  be  the  result.  An  approach  was  developed  that  utilized  a  "picket  fence" 
of  SiC  rods  surrounding  the  zirronia  part,  which  is  shown  in  Fig.  3.  The  "picket 
fence"  arrangement  consists  of  five  SiC  rods  (0.25  in.  {0.64  cm)  diam  x  4  in.  {10 
cm]  long)  mounted  vertically  in  a  4  in.  { 10  cm]  diam  circle,  giving  a  spacing 
between  rods  of  about  6  cm.  21irconia  bulk  fiber  is  placed  around  the  part,  and  the 
entire  construction  is  enclosed  in  an  alumina  fiber  crucible.  This  arrangement  was 
chosen  to  facilitate  controlled  indirect  heating  of  the  ZiOz  at  low  temperatures  and 
controlled  direa  microwave  heating  at  high  temperatures.  At  low  temperatures, 

SiC  absorbs  most  of  the  microwave  power  in  the  furnace  and  heats  faster  than  the 
zirconia.  The  zirconia  therefore  is  only  heated  indirectly  by  conduction  of  heat 
from  the  SiC  rods  at  low  temperatures,  and  the  negative  interactions  of  the  zirconia 
with  the  microwaves  such  as  hot  spots  and  thermal  runaway  are  avoided.  As  the 
temperature  of  the  zirconia  and  SiC  rods  increases,  the  relative  amount  of  micro¬ 
wave  energy  absorbed  in  the  zirconia  increases  because  its  dielectric  loss  faaor  is 
increasing  faster  than  that  of  the  SiC.  At  the  sintering  temperatures  of  KXIO  to 
125{)°C,  all  of  the  heating  of  the  zirconia  was  provided  directly  by  the  microwaves. 
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The  final  processing  factor  required  to  produce  crack-firee  parts  was  a  slow  heating 
rate.  At  rates  of  10, 20,  and  30°Cymin,  themal  runaway  was  encountered  even 
when  the  "picket  fence"  approach  was  used;  cracked  parts  were  produced  in  all  of 
these  cases.  To  produce  crack-free  parts,  a  heating  rate  of  2°C/min  was  used  up  to 
500®C  and  a  rate  of  3.5°Cyinin  was  used  from  500“C  to  the  sintering  temperature. 
Using  these  techniques,  excellent  quality  parts  could  be  produced  repeatably. 

Arcing  was  a  problem  at  tiroes  during  the  firing  of  zirconia  using  the  "picket  fence" 
approach.  The  problem  was  eliminated  by  introducing  a  small  N2  flow  into  the 
cavity.  • 

Densification  of  ZrOj  •  8  mol  %  Y2O3 

The  sintering  study  on  the  Zr02  -  8  mol  %  ¥203  system  involved  a  side-by-side 
comparison  of  the  sintering  behavior  in  the  2.45  GHz  microwave  furnace  using  the 
"picket  fence"  arrangement  and  in  a  conventional  tube  furnace.  The  sintering 
conditions  were  kept  as  close  to  the  same  as  possible  in  the  two  sets  of  ex^ir- 
iments.  The  same  heating  rate  (3.5  “G'min  ),  gas  atmosphere  (Ar  -  ~1%  N2),  and 
soak  tiriKS  (Ih  at  temperature)  were  used  in  both. 

The  sintering  results  summarized  in  Fig.  4  clearly  demonstrate  the  presence  t 
"microwave  effect"  for  the  sintering  of  Zr02  -  8  mol  %  Y2O3  in  the  2.45  C 
microwave  furnace.  Nearly  full  density,  >99%  td,  was  obtained  at  1 195°C  in 
microwave  furnace.  In  contrast,  to  achieve  the  same  density  conventionally 
required  a  temperature  of  1375°C.  Not  only  is  there  a  shift  in  the  curves,  but  the 
differential  in  the  sintering  temperature  increases  as  the  sintered  density  increases. 
Similar  behavior  has  been  observed  for  the  sintering  of  high-purity  alumina^ .  In 
that  system,  a  reduced  apparent  activation  energy  for  sintering  was  demonstrated  in 
the  microwave  case.  It  is  hypothesized  that  a  detailed  study  of  the  micTOwave 
sintering  kinetics  for  zirconia  would  also  demonstrate  a  reduced  apparent  activation 
energy  for  sintering.  The  shift  in  the  sintering  curves  also  supports  our  earlier 
hypothesis  that  the  "picket  fence"  would  not  shield  the  part  being  sintered  from  the 
microwave  field.  Obviously,  if  the  heating  of  the  part  were  due  only  to  indirect 
heating  from  the  SiC  rods,  then  the  sintering  curve  for  the  "picket  fence” 
arrangement  would  be  identical  to  that  for  the  conventional  furnace. 

Both  microwave  and  conventional  firing  produced  a  microstructure  that  exhibited 
an  essentially  normal  grain  structure  (i.e.,  soap  bubble  type)  with  most  of  the 
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residual  pwosity  residing  at  grain  boundaries  and  grain  edges.  The  grain  size  of 
the  microwave  sintered  zirconia  was  -2.2|im  (99.47%  td)  and  of  the  conventionally 
sintered  ziieonia  was  ~3.5Mm  (99.35%  td).  This  behaviOT  is  again  similar  to  that 
observed  for  the  sintering  of  alumina,  where  finer  grain  sizes  were  observed  for 
microwave  sintered  material  as  compared  to  conventionally  sintered  irjterialU.  It 
is  conjectured  that  microwave  firing  enhances  the  mechanisms  that  lead  to 
densification,  such  as  volume  and  grain  boundary  diffusion,  over  those  that  lead  to 
coarsening  of  the  microstructure,  such  as  surface  diffusion  and  evaporation/ 
condensation.  The  exact  mechanism  that  causes  the  microwave  field  to  enhance 
one  type  of  diffusion  over  another  is  not  known  at  the  present  time.  That  finer 
microstructures  have  been  observed  in  both  alumina  and  zirconia,  however,  lends 
support  to  the  hypothesis. 

SUMMARY  AND  CONCLUSIONS 

( 

Zirconia  is  an  extremely  challenging  material  to  process  in  a  2.45  GHz  microwave 
fiimace.  The  combination  of  (1)  dielectric  properties  that  change  rapidly  with 
temperature  and  (2)  very  low  thermal  conductivity  make  zirconia  difficult,  if  not 
impossible,  to  fire  in  a  "normal"  manner  in  the  microwave  furnace.  A  "picket 
fence"  approach  using  SiC  rods  was  developed,  which  combined  with  a  slow  firing 
rate,  ~3.5®C/min,  was  successfully  used  to  produce  good  parts  in  zirconia  at  2.45 
GHz.  Sintering  results  using  the  "picket  fence”  showed  that  a  "microwave  effect" 
exists  for  the  sintering  of  zirconia,  whereby  the  sintering  temperature  is  reduced  by 
1(X)  - 150  °C  as  compared  to  conventional  sintering.  Microwave  firing  also 
produced  a  finer  grain  size  in  the  final  fired  part. 
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Figure  1.  The  standard  arrange¬ 
ment  for  firing  ceramics  in  a  micro¬ 
wave  furnace  requires  surrounding 
the  part  with  fiber  insulation  to 
contain  the  heat  generated  by  the 
microwaves. 
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I'iiiure  2. 


r.xampics  ol  /irconia  samples  -  2  mol  ‘7c  Y;(^ )  tired  in  (ai  iionunil'omi  and 
(b)  highly  unit'orm  microwave  furnaces. 
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BaCROWAVE  (HYBRID)  HEATINO  OP  AUJMINA  AT  2.4S  GHZ: 
I.  MICROSTRUCTURAL  UNIFORMITY  AND  HOMOGENEITY 


AilndAm  Di  .  IfUkhar  Ahmad.  E.  Dow  Whitney  and  Darid  E.  Clark 
Dept,  of  Mateiiala  Science  and  Enjlneerlnj. 

Unlreralty  of  Florida. 

GalneaylUe.  FL  32611. 


Microwave  (hybrid)  heating  (MHH)  is  a  unique  combination  of  microwave  (MW)- 
materlal  interaction  and  conventional  radiant/conduction  mechanisms  that  facilitates 
the  attainment  of  very  high  heating  rates  in  a  2.45  GHz,  multimode  MW  cavity. 
Microstructural  uniformity  and  homogeneity  of  dry-pressed  green  satmples  of  pure, 
undoped  alumina  with  (MHH)  relative  to  conventional  fast  hrlng  (CFF)  has  been  studied. 
The  confluence  of  the  two  heating  mechanisms  (with  MHH)  results  in  an  Improved  parity 
In  temperatures  across  specimen  cross-sections  vls-a-vls  CFF  and  stand-alone  MW 
(SMW)  sintering.  This  enhanced  parity  in  temperatures  (with  MHH)  can  be  said  to  be 
responsible  for  the  better  microstructural  homogeneity  and  improved  mechanical 
properties  relaUve  to  CFF.  Sintering  of  larger  (20  gm  vs.  6  gm)  samples  with  MHH  shows 
evidence  of  a  definitive  mass  dependance  on  the  MHH  phenomena.  Larger  masses  show  a 
better  parity  in  temperatures  between  the  surface  and  interior  of  the  sample. 
Consequently,  this  results  in  enhancements  in  the  homogeneity  of  the  microstructure, 
and  improved  and  more  uniform  mechanical  properties  relative  to  the  smaller  MHH  and 
CFF  samples. 

INTRODUCTION 

MW  sintering  is  a  technique  that  offers  enormous  potential  for  the  fabrication  of 
ceramics  and  ceramic  composites  with  improved  mlcrostructurcs.  Work  In  this  area  by  a 
number  of  researchers  (1-7)  demonstrate  the  efficacy  of  MW  sintering  from  the 
standpoint  of  lower  sintering  temperatures  and  smaller  grain  sizes  compared  to 
conventional  sintering.  This  has  been  attributed  to  enhanced  diffusion  and  a  lower 
activation  energy  for  sintering  that  is  characteristic  of  MW  energy  [2-4). 

in  order  to  apply  the  benefits  of  ultra  rapid  heating  to  MW  sintering,  a  technique 
that  makes  use  of  both  MW-materlal  interaction  as  well  as  conventional  radiant/ 
conduction  heating  mechanisms  has  been  developed.  ‘Hybrid  heating  using  MW  energy' 
(MHH)  18-10]  makes  use  of  radiant /conduction  heating  to  rapidly  heat  samples  through 
low  temperature  regimes  to  a  critical  temperature  above  which  the  microwaves  couple 
readily  with  the  materiaL  A  heating  rate  of  up  to  7Z0°C  per  minute  for  pure,  undoped 
alumina  in  a  2.45  GHz,  6.4  KW  (max.)  multimode  cavity,  making  use  of  less  than  half  the 
peak  power  output,  has  been  attained  with  this  technique. 

Microstructural  homogeneity  (parity  In  grain  sizes  and  porosity  across  sample 
cross-sections)  Is  difficult  to  achieve  with  conve  itlonal  techniques.  Although  stand¬ 
alone  MW  (SMW)  sintering  has  been  surmlaeu  to  result  in  more  homogeneous 
microstructures  compared  to  conventional  techniques  12),  no  evidence  to  support  that 
premise  has  been  presented.  Past  efforts  (with  SMW  sintering)  17)  indicate  non- 
unlformltles  In  the  form  of  appreciable  differences  In  grain  sizes  between  the  surface  and 
Interior  of  sample  cross-sections. 
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It  Is  suggested  that  an  Improved  parity  In  temperatures  between  the  surface  and 
the  Interior,  that  is  unique  to  MHH  is  responsible  for  the  enhancements  in 
mlcrostructural  homogeneity  and  mechanical  properties  relative  to  CFF. 

EZPERniENTAL  PROCEDURE 

A  pure,  undoped,  commercially  available  alumina  was  used.  The  alumina 
designated  A- 16*  was  a  99.97%  pure  alumina  grade  (as  received)  with  an  average 

particle  size  of  0.48  pm.  a  broad  particle  size  distribution,  and  a  surface  area  of  4.697 
a^/ga. 

The  experimental  set-up  for  the  MHH  Is  Illustrated  In  Figure  1.  MHH  was  effected 
In  static  air  In  a  2.45  GHz.  6.4  KW  (max)  **  multimode  cavity,  with  the  sample  enclosed  In 
a  silicon  carbide  lined  susceptor.  Temperature  monitoring  was  effected  by  Inconel 
shielded  'K'-type  thennocouples*(for  temperatures  up  to  IIOOOC)  and  by  two  color 
Infrared  pyrometry**  (for  temperatures  above  1 100°C).  A  peak  heating  rate  of  the  order 
of  ISOQOC  In  120  sec  (750°C  per  minute)  for  pure  undoped  A- 16  alumina  at  a  power 
output  of  around  3  KW  was  attained. 

CFF  (conventional  fast  flrlng/  Isothermal  sintering)  was  effected  In  static  air  by 
Inserting  the  samples  Into  a  resistance  heated  tube  furnace'*'  which  was  preheated  to  the 
sintering  temperature.  The  samples  were  stationed  In  alumina  boats  which  in  turn,  were 
slowly  Insert^  Into  the  heat  zone  of  the  tube  furnace.  Temperatures  were  read  off  a  ‘B’ 
type  Pt-Rh  thermocouple  *(wlth  digital  display)  which  was  kept  In  contact  with  the 
alumina  boat  and  the  walls  of  the  alumina  tube  of  the  furnace. 

In  order  to  understand  the  heating  mechanisms  (and  temperature  gradients 
across  the  sample  cross-sections)  characteristic  of  MHH  amd  CFF.  experiments  designed 
to  obtain  simultaneous  surface  and  interior  temperature  profiles  imder  actual  conditions 
of  heating  were  Initiated.  The  experiments  comprised  stationing  Inconel  shielded  ’K’  type 
thermocouples  on  the  surface  and  In  the  Interior  of  the  samples,  and  heating  the  samples 
as  shown  In  Figure  2.  The  samples  were  heated  under  conditions  of  SMW  heating.  MHH 
and  CFF.  Twenty  five  gm  diy-pressed  green  samples,  with  a  cavity  (core'  at  the  Interior 
were  used.  For  the  MHH  experiments.  In  addition  to  the  25  gm  sample,  an  8  gm  dry- 
pressed  sample  was  also  used  (to  study  the  effect  of  mass  on  the  MHH).  For  the  CFT  the 
specimen  had  to  be  pre-slntered  to  .-uound  lOOOoC.,  for  sufficient  green  strength,  ai.d  to 
be  able  to  -withstand  the  high  heating  rates  and  thermal  stresses. 

In  order  to  compare  ultra  rapid  sintering  using  MHH  with  CFF.  and  study  the 
ma.ss  dependence  of  the  two  modes  of  heating.  6  gm  and  20  gm  cylindrical  pellets  of  A- 16 
alumina  were  cold  pressed  to  4000  psl.  (green  dei;slty-52%).  These  were  then  sintered  in 
the  MW  oven  under  hybrid  heating  conditions  at  1500®C.  with  a  holding  time  of  30 
minutes.  Identical  green  compacts  were  ad.so  fired  In  the  preheated  resistance  tube 
furnace  under  Isothermal  heating  conditions  at  the  same  temperatures  and  holding 
times  as  the  MHH  samples.The  samples  were  then  scanned  from  the  surface  to  the 
Interior  as  shown  In  Figures.  The  five  positions  from  the  surface  to  thj  Interior  and  back 
to  the  surface  have  been  designated  A  B.  C.  D.  and  E.  respectively. 

Bulk  and  relative  densities  of  the  sintered  samples  were  obtained  by  the 
Archimedes  density  method.  The  samples  were  then  polished  using  standard 
ceramographlc  technlqtics,  and  thermally  etched  at  a  temperature  of  1450*’C  for  30  min. 
Microstructures  representative  of  both  the  surface  and  the  Interior  of  each  sample  were 
obtained  by  a  scan  of  the  transverse  cross-section  of  the  polished  and  etched  sample 
section  In  the  SEM,  as  shown  In  Figure  3.  Grain  Intercept  lengths  and  porosities  were 


*  Aluminum  Company  of  Anurlca  (Alcoa)  Inc.,  Pittsburgh.  PA. 

••  Model  Radarllne  QMP  2101B-6.  The  Raytheon  Company,  Waltham,  MA. 

#  Omega  Engineering  Inc.,  Stamford.  CT. 

#*  Ratio  Sco^  8.  Caplntec  Inc.,  Fair  Lawn.  N.J. 

♦  Model  Sola-Basic,  Llndberg,  Watertown,  Wl. 
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computed  from  the  SEM  micrographs  using  standard  quantitative  stereologlcal 
techniques.  Average  grain  sizes  were  determined  from  measured  average  lineal  grain 
Intercept  lengths  according  to  the  equation  (1 1] 

^alnslze  ■  1.56*  ^alnlntacept length 
Hie  resulting  data  were  plotted,  correlated  and  compared . 

RESULTS  AND  DISCUSSION 
Surfiice-Interlor  Temperature  Profiles 

Simultaneous  surface-interior  temperature  profile  measurements  were  carried 
out  for  samples  heated  by  stand-alone  MW  heating  (SMW),  conventional  fast  firing  (CFF), 
and  MW  (h^rld)  heating  (MHH).  A  uniform  temperature  distribution  across  the  cross- 
section  is  vital  to  densificatton  (and  coarsening),  and  is  perhaps,  the  single  most 
Important  factor  contributing  to  mlcrostructural  homogeneity.  Twenty  five  gm  dry 
pressed  samples  for  all  three  chnlques  were  employed.  In  addition  to  this,  the 
temperature  profile  for  an  8  gm  sample  heated  by  MHH  was  also  obtained. 

Figure  4(a)  is  an  illustration  of  the  temperature  profile  obtained  for  the  pre- 
slntered  25  gm  sample,  heated  to  1200<>C  by  CFF.  As  is  evident  fiorn  the  profiles,  for  the 
short  soaking  times  (-  30  minutes)  e  •'Iqy^  fc?  sintering  the  CFF  samples,  the  interior 
of  the  samples,  for  most  of  tlie  slnte.ln,^  Ume.  do  not  experience  the  same  thermal 
histories  as  the  sample  surfaces.  tioferences  in  temperature  at  the  sur&ce  and  the 

interior  translate  into  mlcrostructural  Inhomogeneltles,  as  will  be  discussed  in  the 
following  sections. 

Figure  4(b)  shows  the  surface  interior  temperature  profile  obtained  for  the 
alumina  sample  subjected  to  SMW  heating.  The  alumina  did  not  heat  up  beyond  500^, 
even  with  power  levels  as  high  as  5  KW.  However,  even  at  the  low  temperatures  that  the 
sample  was  heated  to,  the  Interior  of  the  sample  was  at  a  sl^lficantly  higher 
temperature  than  the  surface.  This  is  a  direct  consequence  of  the  Inverse  temperature 
gradients  that  is  characteristic  of  SMW  heating.  This  disparity  in  temperatures  between 
the  surface  and  the  interior  may  be  expected  to  increase  with  an  increase  in  temperature. 

Figure  4(c)  is  a  plot  of  the  temperatures  experienced  by  the  surface  and  the 
Interior  of  an  8  gm  sample  heated  by  MHH.When  the  MW  power  is  switched  on.  the  SIC 
from  the  susceptor  heats  up  quickly.  This  in  turn,  transmits  heat  to  the  surface  of  the 
alumina  sample  by  radiation.  The  surface  of  the  alumina  specimen  heats  up  and 
conducts  heat  to  its  Interior  by  phonon  conduction.  This  process  continues  until  the 
entire  sample  heats  up  to  a  temperature  of  about  800‘’C,  above  which,  the  alumina 
absorbs  microwaves  readily.  The  onset  of  MW  heating  causes  the  interior  of  the  sample  to 
heat  up  (owing  to  the  Inverse  thermal  gradients  characteristic  of  MW  heating).  However, 
the  surface  of  the  sample  which  receives  heat  from  the  susceptor,  also  conducts  heat  into 
the  interior  of  the  sample.  Thus,  the  Interior  of  the  sample  which  is  subjected  to  heat  from 
these  twin  sources,  heats  up  to  a  hl^er  temperature  than  the  surface.  Besides,  heat  Is 
also  lost  from  the  sample  surface  by  dissipation,  to  the  atmosphere,  as  well  as  the 
refractory  bricks  below.  This  disparity  in  temperatures  (40-60OC  at  I2000C)  between  the 
surface  and  the  interior  is  refiecM  in  Figure  4(c). 

The  surface-interior  temperature  profile  for  the  25  gm  sample  heated  by  MHH  is 
illustrated  in  Figure  4(d).The  heating  process  is  very  similar  to  that  for  the  8  gm  hybrid 
heated  sample.  However,  owing  to  the  larger  mass  the  process  of  heat  conduction  to  the 
Interior  takes  a  longer  time.  Equivalent  temperatures  are  realized  at  the  surface  and 
interior  of  the  specimen  throughout  the  sintering  (soaking)  time. 

It  is  this  parity  in  temperatures  that  is  responsible  for  the  more  uniform  and 
homogeneous  mlcrostructures  obtained  with  the  MHH  process  relative  to  CFF.  Since  the 
masses  of  the  specimens  used  for  sintering  studies  (6  gm  and  20  gm)  are  very  close  to 
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Surface-interior  temperature  profiles  of:  (a).  25  gm  (pre-sintered)  CFF  sample; 
(b).  25  001 SMW  sample:  (c)  8  gm  MHH  sample  and  (d)  25  gm  MHH  sami^. 


those  employed  for  the  surface-interior  temperature  profiles  (8  gm  and  25  gm),  the 
profiles  were  used  to  explain  the  differences  in  the  sintering  phenomenologles,  and  the 
consequent  disparities  in  microstructures. 

MW  (Hybrid)  Heating  vs.  Conventional  Fast  Firing  of  A-16  Alumina ;  Mass  Dependence 

In  order  to  effect  a  comparison  of  MHH  and  CFF,  identical  6  gm  dry-pressed 
samples  of  A-16  alumina  were  sintered  using  both  techniques  at  ISOf/’C,  with  a  holding 
time  of  30  minutes.  Previous  work  by  Di  et  al.  [9-11]  have  elucidated  these  results  in 
detalL  The  surface-interior  temperature  profiles  showed  that  a  better  volumetric  heating 
and  a  significantly  better  parity  in  temi>eratures  was  observed  with  the  larger  samples. 
Subsequent  efforts  were  therefore  directed  towards  sintering  larger  (20  gm)  dry-pressed 
samples  under  the  same  state  conditions  as  the  smaller  samples  (1500°C  for  30  minutes) 
by  both  MHH  and  CFF.  the  20  gm.  CFF  samples  did  not  survive  the  excessive  thermal 
stresses  caused  by  the  temperature  gradients  (thermal  shock)  and  fractured  into 
fragments  each  time. 

Representative  transverse  cross-sections  of  sample  portions  (polished  and 
thermally  etched)  were  then  scanned  from  the  surface  to  the  interior  as  shown  in  Figure 
3.  The  results  from  the  microstructural  analysis  and  stereologlcal  computations  for  the 
20  gm  MHH  specimen  were  Incorporated  with  those  from  the  smaller  (6  gm)  MHH  and 
CFF  samples,  and  will  be  discussed  here. 

The  relative  densities  of  the  6  gm  MHH  and  CFF  samples  were  96%  and  87%  (of 
the  theoretical),  respectively,  while  that  of  the  20  gm.  MHH  sample  was  98%  of  the 
theoretical,  sintering  having  been  carried  out  under  the  same  state  conditions  of  time  and 
temperature. 

Figure  S(a)  is  a  plot  of  the  volume  fraction  of  porosity  (computed  stereologlcally)  as 
a  function  of  the  sample  thickness.  The  6  gm  CFF  sample  showed  very  significant 
differences  in  porosity  from  the  surface  to  Uie  interior  with  a  maximum  porosity  of 
aroimd  23%  at  the  center,  whereas  the  porosity  for  the  6  gm  MHH  sample  ranged  from 
4.06  to  5.8%.  The  porosity  for  the  20  gm  MHH  sample  was  oiSy  2%. 

Figure  S(b)  is  a  plot  of  the  ave.  grain  mtercept  size  (GI)  versus  sample  thickness  for 
the  3  samples.  The  6  gm  MHH  sample  exhibited  somewhat  larger  Cl  sizes  than  the  CFF 
sample  (average  GI  size  -1.41  pm  relative  to  0.70  pm  for  the  CFF  sample),  with  the  largest 
graltu  at  the  center.  The  CFF  sample  (6  gm)  showed  an  appreciable  v^atlon  in  the  GI 
size  distribution  across  the  cross-section,  with  grains  progresstvely  increasing  from 
surface  towards  the  interior,  and  then  dipping  drastically  in  size  at  the  Interior  of  the 

specimen.  The  ave.  GI  size  of  the  20  gm  MHH  sample  was  0.75  pm,  with  very  little  variance 
across  the  sample  cross-section. 

The  enhanced  microstructural  uniformity  and  homogeneity  for  the  bulk  MHH 
sample  (In  spite  of  the  inhomogeneltles  In  the  starting  green  microstructure)  can  be 
expfrdned  by  the  temperature  distribution  across  the  sample  cross-section.  As  discussed 
earlier  (Flgiue  4  (d)),  the  bulk  (20  gm)  MHH  sample  experiences  nearly  the  same 
temperature  (1500°C)  across  it's  entire  cross-section  for  the  full  length  of  the  soaking 
time  due  to  the  confluence  of  the  twin  heating  mechanisms  that  characterize  the  MHH 
process.  This  Is  in  contrast  to  the  temperature  gradients  experienced  by  the  6  gm  CFF 
sample  (interior  significantly  cooler  than  the  surface  which  is  at  the  sintering 
temperature)  and  the  6  gm  MHH  sample  (sample  interior  at  an  appreciably  higher 
temperature  than  the  surface  which  la  at  the  sintering  temperature).  It  is  this  equanimity 
in  temperatures  between  the  surface  and  the  Interior  of  the  bulk  MHH  sample  for  the 
entire  period  of  sintering,  that  culminates  in  the  enhanced  densiflcatlon  (microwave 
enhanced  diffusion)  relative  to  the  CFF  specimen,  and  reduced  grain  growth  as  compcired 
with  the  6  gm  MHH  sample.  Further,  It  Is  this  parity  in  temperatures  that  Is  responsible 
for  the  dramatically  improved  microstructural  uniformity  throughout  the  bulk  (20  gm) 
MHH  specimen. 

The  mlcrostructure-mechanlcal  property  correlation  is  reflected  In  plots  of  the 
mechanical  properties  (microhardness,  fracture  toughness)  as  a  function  of  the 
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Figure  5. 


6  gm  (MHH  and  CFF)  and  20  gm  (MHH)  samples  of 
M-16  alumina  sintered  at  1500*C  30  min. 

(a)  Volume  fraction  of  porosity  vs.  sample  thickness 

(b)  Grain  intercept  sizes  vs.  sample  thickness 
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Figure  5.  6  gm  (MHH  and  CFF)  and  20  gm  (MHH)  samples  of  A-16 

alumina  Mtcred  at  1500*  C  30  min. 

(c)  Vickers  DPN  vs.  sample  Uuckness 

(d)  Fracture  toughness  vs.  sample  thickness 
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thickness  of  the  3  specimens  (Figures  5(c)  and  5  (d)}.  Figure  5(c)  Is  a  plot  of  the  Vickers 
mlctohardness  vers<ts  sample  thickness.  The  enhanced  denslflcatlon,  and  uniform  grain 
and  pore  sizes  ac-.-iss  the  cross-section  of  the  bulk  MHH  sample  Is  reflected  In  the 
enhanced  and  unllbrm  variation  In  Vickers  hardness  numbers  (20.06  -  20.54  GPa).  The 
hardness  values  for  the  6  gm  MHH  sample  ranged  from  17.26-18.83  GPa.  while  the 
variation  for  the  6  gm  CFF'  sample  was  of  the  order  of  6.60-9.96  GPa. 

Ftacture  toughness  'i^ues  were  extrapolated  from  diamond  Indentations, 
measuring  the  prop^ated  crack  lengths,  and  computed,  using  the  formulae  suggested  by 
Evans  and  Charles  (12).  Trends  very  similar  to  those  shown  by  the  mlcrohardness 
numbers  are  reflected  In  the  fracture  toughness  (K|c)  values.  The  6  gm  MHH  sample  had 
appreciably  higher  values  of  fracture  toughness  (3.5-  4.17  MPa  m*^*)  relaUve  to  the  CFF 
sample,  with  the  highest  value  at  the  center.  The  variation  for  the  6  gm  CFF  specimen  was 
in  the  range  of  1. 8-3.0  MPa  m*^*.  with  the  lowest  values  at  the  Interior  of  the  specimen. 
The  20  gm  MHH  sample  displayed  the  highest  and  the  most  uriform  values  of  the 
fracture  toughness  numbers.  They  ranged  from  4.56  to  4.80  MPa  m  with  the  highest 
values  at  the  center  of  the  specimen. 

CONCLUSIONS 

MW  (hybrid)  heating  facilitates  the  attainment  of  perhaps  the  highest  possible 
heating  rates  (750°C  per  minute)  attainable  with  pure,  undoped  alumina  In  a  2.45  GHz. 
untim^.  mulUroode  MW  cavi^. 

MHH  results  In  more  uniform  microstructures  and  superior  properties  vs.  CFF 
under  the  same  state  conditions  of  temperature  and  time.  MHH  of  larger  masses  result  in 
better  volumetric  heating,  and  consequently,  an  enhanced  parity  in  temperature  across 
the  cross-section  of  the  sample.  This  translates  into  higher  densities,  smaller  grain  sizes, 
better  microstructural  homogeneity,  and  Improved  mechanical  properties.  Larger 
masses,  when  subjected  to  CFF.  fracture  due  to  large  temperature  gradients  and  high 
thermal  stresses  across  the  cross-section. 

Enhanced  and  homogeneous  sintering  of  larger  monoliths  with  MW  (hybrid) 
heating  In  a  2.45  GHz.  multimode  cavity  is  the  most  signlflcant  accomplishment  of  this 
research.  'Microstructural  uniformity  with  MW  energy",  appears  to  be  vindicated  with  this 
work.  This  novel  technique  for  the  ultra- rapid  sintering  of  ceramic  materials  using  MW 
energy  holds  tremendous  promise  for  the  fabrication  of  advanced  ceramics,  composites, 
and  bulk  monoliths  with  uniform  microstructures,  and  consequently,  enhanced 
mechanical  properties  and  reliability  versus  SMW  sintering  and  CFF. 
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GoineeWUe.  FL  32611 


Microwave  (hybrid)  heating  (MHH)  Is  a  novel  combination  of  microwave  (MW)- 
materlal  Interaction  and  conventional  radiant/conduction  mechanisms  that  facilitates 
the  attainment  of  very  high  heating  rates  In  a  2.45  GHz.  multimode  MW  cavity.  Dry- 
pressed  green  samples  of  pure,  undoped  alumina  were  fired  under  similar  conditions  by 
MHH  and  conventional  fast  firing  (CFT").  The  effect  of  processing  variables  (temperature, 
time)  and  heating  rates  on  MHH  and  CFF  were  investigated.  The  effect  of  particle  size  on 
the  MHH  phenomena  was  also  studied.  MHH  has  been  shown  to  result  in  accelerated 
denslflcatlon  (higher  denstficatlon  to  coarsening  ratios)  relative  to  CFF  under  the  same 
conditions  of  temperature  and  time.  Higher  heating  rates  with  MHH  result  In  higher 
densities  and  smaller  grain  sizes.  Smaller  starting  particle  sizes  with  MHH  also 
culminate  In  the  highest  densities  and  the  largest  grain  sizes  similar  to  conventional 
firing. 

INTRODUCTION 

Fast  firing  of  ceramics  and  the  consequent  mlcrostructural  benefits  In  terms  of 
higher  densities  and  smaller  grain  sizes  has  been  the  subject  of  extensive  research  [1-3). 
The  higher  densities  and  smaller  grain  sizes  were  attributed  to  a  rapid  transition  to 
higher  temperatures  which  caused  a  suppression  of  surface  diffusion  and  other 
'coarsening  without  denstficatlon'  mechanisms  that  exist  at  lower  temperatures|3j.  At 
higher  temperatures,  the  predominance  of  the  mech-Tnlsms  of  grain  boundary  and  lattice 
dl^sion  that  cause  denstficatlon.  lead  to  rapid  stiiterlng  and  denslflcatlon  with  little  or 
no  coarsening. 

The  use  of  MW  energy  for  the  sintering  of  ceramics,  although  a  relatively  new 
development,  has  seen  a  proliferation  of  activity  in  recent  times.  The  potential  of 
microwaves  for  the  firing  of  ceramics  at  lower  temperatures,  and  with  smaller  grain  sizes 
compared  to  conventional  sintering  techniques,  have  been  demonstrated  unequivocally 
14-8].  This  has  been  attributed  to  higher  diffusion  and  a  lower  activation  energy  for 
sintering  that  Is  characteristic  of  MWenergy[4.6).  However,  although  the  use  of  MW  energy 
for  sintering  serves  to  accelerate  the  process,  preheating  the  material  to  the  critical 
temjjerattire  at  which  It  starts  to  couple  efficiently  with  the  microwaves  Is  still  a  problem, 
especially  at  the  low  fixquency  of  2.45  GHz.  Longer  times  are  spent  In  heating  up  the 
sample  to  the  critical  temperature  range  above  which  M’Af-matertal  Interaction  and 
consequently,  rapid  heating  occurs  readily.  This,  as  well  as  the  higher  diffusion  rates  that 
are  associated  with  MW  heating,  may  be  the  reason  for  the  appreciably  higher  grain  sizes 
(with  microwaves)  reported  In  a  recent  study  on  the  'comparison  of  conventionally  fast 
fired  and  MW  fired  alumlna'(9|. 
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In  order  to  apply  the  benefits  of  fast  firing  to  MW  sintering,  a  technique  that 
makes  use  of  both  MW-materlal  Interaction  as  well  as  conventional  radiant/conduction 
heating  mechanisms  has  been  developed.  ‘Hybrid  heating  using  MW  energy'  110-13) 
makes  use  of  radiant/conduction  heating  to  rapidly  heat  samples  through  low 
temperature  regimes  to  a  critical  temrerature  above  which  the  microwaves  couple 
readily  with  the  materia).  A  peak  heatli>g  rate  of  750°C  per  minute  for  pure,  undoped 
alumina  in  a  2.45  GHz.  6.4  KW(max.)  multimode  cavity,  niaklng  use  of  less  than  half  the 
peak  power  ou4>ut,  has  been  attained.  Advantages  of  this  technique  over  CFF,  in  terms 
of  significant  enhancements  in  the  homogeneity  of  the  microstructure  and  Improved 
mechanical  properties  (under  the  same  sintering  conditions),  have  been  demonstrated 
110-131, 

EXPERIMENTAL  PROCEDURE 

Two  grades  of  pure,  undoped  alumina  were  employed.  Type  1  (designated  A- 16)  * 
was  a  99.97%  pure  alumina  grade  (as  received)  with  an  average  particle  size  of  0.48 
microns,  a  very  broad  particle  size  distribution,  and  a  surface  area  of  4.697  m^/g.  This 
was  used  for  a  study  of  the  effect  of  processing  variables  (time,  temperature)  on 
specimens  sintered  by  MHH  and  CFF.  under  the  same  state  conditions.  Type 
2**(dc3lgnated  AKP-15,  30.  50)  was  a  very  high  purity  (>99.99%)  undoped  alumina,  and 
comprised  3  grades  of  varying  particle  size  distributions,  and  average  particle  sizes  and 
sur&ce  areas  of 0.68)4  3.5  m^/g).  0.39)1  (7.5m2/g),  and  0.23  p  (10.9  m2/g)  for  AKP-15,  AKP- 
30  and  AKP-50,  respectively.  These  were  used  to  study  the  effect  of  particie  size  on  the 
MHH  phenomena 

However,  for  the  study  on  the  effect  of  heating  rates  on  MHH.  the  AKP-50  grade 
of  ultra-pure  alumina  powder  was  used  after  rendering  it  free  from  hard  aggregates  by 
ultrasonlcatlon  and  centrifugal  sedimentation.  The  average  particle  size  of  the  AKP-50 
powder  dropped  from  0.23  p  (as-recetved)  to  0. 19  p  after  processing.  The  hybrid  heated 
samples  were  sintered  under  the  same  state  conditions  of  temperature  and  time,  with 
onl>  a  variation  in  the  heating  rates. 

The  experimental  set-up  for  the  MHH  has  been  described  and  illustrated 
elsewhere  (10,13).  MHH  was  effected  in  static  air  in  a  2.45  GHz.  6.4  KW  (max)  *** 
multimode  cavity,  with  the  sample  enclosed  In  a  silicon  carbide  lined  susceptor. 
Temperatime  monitoring  was  effected  by  Inconel  shielded  ’K’-type  thennocouples*(for 
temperatures  up  to  1  r00°C)  and  by  two  color  infrared  pyrometry**  (for  temperatures 
above  1 100°C).  A  peak  heating  rate  of  the  order  of  IbOQoC  In  120  sec  (750°C  per  minute) 
for  pure  undoped  alumina  at  a  power  output  of  around  3  KW  was  attained. 

CFF  (conventional  fast  firing/  Isothermal  sintering)  was  effected  In  static  air  by 
inserting  the  samples  into  a  resistance  heated  tube  fumace+  which  was  preheated  to  the 
sintering  temperature.  The  samples  were  stationed  In  alumina  boats  which  In  turn,  were 
slowly  inserted  Into  the  hot  zone  of  the  tube  furnace.  Temperatures  were  read  off  a  'B‘ 
type  Pt-Rh  thermocouple  *|wlth  digital  display)  which  was  kept  In  contact  with  the 
sdumlna  boat  and  the  walls  of  the  alumina  tulx  of  the  furnace. 

Bulk  and  relative  densities  of  the  sintered  samples  were  obtained  by  the 
Archimedes  density  method.  The  samples  were  then  polljhed  using  standard 
ceramographlc  techniques.  Samples  sintered  at  1000,  1200,  1300  and  1400oc  were 
thermally  etched  at  995,  1 195, 1290  andl390®C  for  3,3,3  and  2  hours,  respectively.  The 


*Auininum  Company  of  America  lAcoa)  Inc.,  Pittsburgh,  PA 
•*  Sumitomo  Chemical  America  Inc.,  New  York,  N.Y. 

•••  Model  Radarline  QMP  2101B-6,  The  Raytheon  Company,  Waltham.  MA 
#  Omega  Engineering  Inc.,  Stamford,  CT. 

##  Ratio  Sco^  8,  Capintec  Inc.,  Fair  Lawn,  N.J. 

+  Model  Sola-Basic,  Undberg,  Watertown,  Wl. 
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samples  sintered  at  1500°C  were  etched  at  1450°C  for  1  hour.  Microstructures 
representative  of  both  the  surface  and  the  interior  of  each  sample  were  obtained  In  the 
SEM. 

Grain  Intercept  lengths  and  porosities  were  computed  from  the  SEM 
micrographs  using  standard  quanUtatlve  stereological  techniques.  Average  grain  sizes 
were  determined  ^m  measured  average  lineal  grain  intercept  lengths  according  to  the 
equation  |3) 


grain  size  m  1.56*  grain  intercept  length 

Ihe  resulting  data  were  plotted,  correlated  and  compared . 

RESULTS  AND  DISCUSSION: 

Effect  of  Processing  Variables  on  the  Sintering  of  A- 16  Alumina:  Microwave  (Hybrid) 
Heating  vs.  Conventional  Fast  Firing. 

Identical  green  samples  were  sintered  using  MHH  and  CFT  at  1300,  1400,  ISOO^’C, 
with  holding  times  of  15.  30  ,  and  60  minutes  at  each  temperature. 

Figures  1(a)  and  1(b)  are  plots  of  the  relative  density  and  denslilcation  rate  against 
holding  time,  respectively.  DensUlcation  rates  were  computed  from  the  Fig.  1(a)  by 
normalizing  the  plots  with  respect  to  the  starting  green  density,  and  plotting  the  slopes  of 
the  3  line  segments  (from  each  line)  against  time,  to  yield  Fig.  1(b).  The  denslilcation  rates 
for  MHH  at  each  temperature  and  time  were  appreciably  higher  than  those  for  the  CFF. 
This  is  consistent  with  the  results  reported  by  Janney  et  aL  (4.14).  and  Tlan  et  al.  (5),  and 
the  enhanced  denstflcatlon  may  be  ascribed  to  the  Increased  diffusion  rates  attributed  to 
MW  energy-  the  'MW  effect'  (14).  One  other  factor  that  may  be  partly  responsible  is  the 
higher  temperature  (temperatures  50-80°C  In  excess  of  the  sintering  temperature) 
experienced  by  the  Interior  of  the  MHH  samples  relative  to  the  specimens  sintered  hy 
CFF  (13). 

Figures  1(c)  and  1(d)  are  plots  of  the  average  grain  Intercept  (Gi)  size  and  grain 
growth  rate  (microns  per  minute)  as  a  function  of  the  holding  time,  respectively.  Although 
the  MHH  samples  displayed  somewhat  larger  grain  sizes  than  the  CFF  samples,  the 
disparity  in  grain  sizes  was  minimal,  and  almost  comparable.  This  is  a  significant 
improvement  over  the  results  reported  sometime  earlier  in  a  similar  study,  |9)  making  use 
of  MW  enepgy  alone  for  the  sintering  process.  The  appreciably  smaller  grain  sizes  for  the 
MHH  samples  In  our  case  may  be  attributed  to  the  faster  heating  rates  —the  culmination 
of  both  MW-materlal  Interaction  and  conventional  radiant/conduction  mechanisms  that 
contribute  to  the  denstflcatlon  process.  This  Is  a  pointer  to  the  fact  that  there  is  Indeed  a 
heating  rate  effect  on  the  MHH  phenomena,  as  will  be  discussed  in  the  following  section. 
The  somewhat  larger  grain  sizes  with  MHH.  relative  to  CFF  can  be  attributed  to  three 
reasons.  Recent  work  by  by  Janney  et  al.  (14,15]  has  demonstrated  that  the  activation 
energy  for  grain  growth  with  microwave  energy  is  about  20  %  lower  than  that  for 
conventional  sintering  (480  vs.  590  kJ/mol).  Besides  this,  the  higher  temperatures  at  the 
interior  of  the  MHH  sample  (13),  as  well  as  the  preferential  interaction  of  the  microwaves 
with  the  porosity  (7)  also  serve  to  accelerate  denstflcatlon  as  well  as  grain  growth. 

An  Interesting  aberration  in  the  form  of  a  dramatically  higher  Cl  size  was  shown  by 
the  CFF  sample  that  was  sintered  at  1  SOO^C  for  60  minutes.  There  was  anomalous  grain 
growth  and  pore  coarsening  at  the  center  of  the  sample.  The  reasons  for  this  anomaly  are 
not  well  understood. 

Figure  1  (e)  is  a  plot  of  the  average  grain  size  versus  relative  density,  normalized 
with  respect  to  the  sintering  temperature.  From  this  graph,  and  those  for  the 
denstflcatlon  and  grain  growth  rates  (Flgvues  1(b)  and  1(d)).  it  is  evident  that  MHH  yields 
significantly  higher  densities,  with  comparable  or  somewhat  larger  grain  sizes  (a  higher 
densiflcatlon  to  coarsening  ratio)  relative  to  CFF,  under  the  same  conditions  of  time  and 
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Figure  1.  Effect  of  processing  variables  (temperature,  time)  on  the  sintering  of 
(Cont'd.)  A- 16  alumina:  MW  (hybrid)  treating  vs.  c  onventlonal  fast  firing. 

(c)  Average  Grain  Intercept  (Cl)  Size  vs.  Holding  Time 

(d)  Grain  Growth  Rate  vs.  Holding  Time. 
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Figure  1.  Effect  of  processing  variables  (temperature,  time)  on  the  sintering  of 
(COTt'd.)  A- 16  alumina::  MW  hybrid  heating  vs.  conventional  £ast  filing 
(e)  Average  Grain  Intercept  (Gl)  Size  vs.  Relative  Density 

temperature.  The  fact  Utat  the  denslflcatlon  rates  for  MHH  are  significantly  higher  than 
the  grain  growth  rates  relative  to  CFT.  are  consistent  with  results  reported  by  Janney  et 
al.  (IS),  which  suggest  that  the  difference  in  activation  energies  between  MW  and 
conventional  sintering  for  denslflcatlon  (160  versus  575  lU/mol.  respectiveljd  are  far 
higher  than  the  difference  in  activation  energies  for  grain  growth  (480  versus  590  kj/mol, 
respective iyi.  These  results  clearly  show  evidence  of  accelerated  sintering  and 
densificaUon  occiuring  in  the  MHH  specimens  relative  to  the  CFF  samples. 

Effect  of  Heating  Rates  on  the  Sintering  of  AKP-50  Alumina:  MW  (Hybrid)  Heating  vs. 
Conventional  Past  Fixing: 

For  this  set  of  experiments  a  more  reactive  (fine)  powder  and  a  better  green 
microstructure  (fiee  of  aggregates  and  agglomerates)  was  desired,  so  that  any  differences 
In  the  MHH  phenomena,  owing  to  variation  in  heating  rates  alone,  would  be  evident.  The 
ultrapuie,  ultrafine  (-0.23  p)  undoped  AKP-50  alumina  powder  was  chosen.  This  was 
rendered  flee  of  hard  agglomerates  by  ultrasonlcaUon  and  centrifugal  sedimentation. 
The  average  particle  size  after  processing  dropped  to  0.19  p.  Identical  dry-pressed  green 
samples  (6  gtn)  were  then  slnte^  at  1500*’C  for  15  minutes  by  MHH,  using  heating  rates 
of  7M,  375,  1 50  and  62“C  per  min,  and  also  ty  CFF  (heating  rate-1 5000C  per  mltfl. 

Figures  2(a)  and  2{b)  are  plots  of  the  relaUve  density  and  grain  Intercept  (GI)  size, 
respectively,  versus  heating  rate  (oc  per  min)  .The  Gl  sizes  were  computed  as  an  average 
of  GI  sizes  horn  the  surface  and  the  interior  of  the  specimens.  Although  the  CFF  sample 
was  sintered  using  the  hlgliest  heating  rates  (1500°C  per  min),  the  MIOT  samples  sintered 
at  heating  rates  of  375,  and  750®C  per  min  had  higher  densities  (97.8  and  95.7  versus  95.4 
for  the  CFF  sample).  Also,  the  GI  size  for  the  750oC  per  min  MHH  sample  was  the  lowest 
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Figure  2.  Efiect  of  heating  rates  on  the  sintering  of  AKP-50  alumina: 
MW  (hybrid)  heating  vs.  conventional  fast  firing. 

(a)  Relative  Density  vs.  Heating  Rate 

(b)  Average  Crain  intercept  (GI)  size  vs.  Heating  Rate. 
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and  that  for  the  62*^0  per  min  MHH  sample  was  the  highest  The  CFF  sample  had  a  GI 
size  intermediate  between  those  of  the  150°C  per  min  and  62oc  per  min  MHH  specimens. 

These  results  show  evidence  of  the  influence  of  heating  rates  on  the  MHH 
phenomena,  relative  to  CFF.  Although  the  CFF  sample  was  sintered  using  the  highest 
heating  rates,  the  higher  density  and  lower  GI  sizes  for  the  samples  sintered  by  MHH 
using  appreciably  lower  heating  rates  is  a  pointer  to  the  enhanced  diffusion  process 
accn^t^  to  MW  energy.  It  can  Ik  concluded  that  for  the  samples  sintered  MHH  at  the 
high  heating  rates  of  375  and  TSO^C  per  min,  denslflcatlon  is  enhanced  at  the  cost  of 
coarsening,  relattve  to  the  CFF  sample.  This  Is  due  to  the  fact  that  these  specimens  make 
a  very  rapid  transition  -through  the  lower  temperature  range  where  surface  diffusion- 
controlled  coarsening  predominates,  to  the  higher  temperatures  where  the  denslfylng 
mechanisms  of  lattice  and  grain  boundary  diffusion  are  predominant  This  results  in 
higher  densities  and  smaller  average  grain  sizes  (higher  denslflcatlon  to  coarsening 
ratios)  relative  to  the  CFF  sample.  For  the  samples  sintered  by  MHH  at  the  heating  rates 
of  62  and  1  SO^C  per  minute,  it  can  be  surmts  .d  that  the  denslflcatlon  to  coarsening  ratio 
Is  comparable  or  lower  than  that  for  the  CFF  specimen. 

Effect  of  Particle  Size  on  the  MW  (Hybrid)  Heating  of  AKP  Alumina: 

The  particle  size  distributions  of  the  three  AKP  powders  and  the  sintering  cycles 
employed  are  illustrated  In  figures  3(a)  and  3(b).  respectively.  Sintering  was  carried  out  at 
temperatures  ranging  from  1000®  -  ISOOOC  In  the  2.45  GHz  MW  oven  with  a  constant 
holding  time  of  30  minutes,  under  hybrid  heating  conditions. 

The  post  sintered  relative  densities  and  resulting  grain  sizes  are  illustrated  in 
figures  3(c)  and  3(d),  respectively.  Grain  sizes  for  the  samples  sintered  at  1000®C  and 
1200®C  could  not  be  computed  accurately  owing  to  incomplete  denslflcatlon  and 
problems  encountered  with  thermal  etching. 

The  trends  observed  for  the  samples  sintered  at  1400°C  and  ISOO^C  are  pretty 
much  analogous  to  those  known  for  conventional  sintering.  Smaller  starting  particle 
sizes,  and  consequently  larger  surface  areas  result  in  higher  densities,  and  larger  grain 
sizes,  owing  to  a  higher  driving  force  for  sintering,  denslflcatlon.  and  grain  growth. 

CONCLUSIONS 

MW  (hybrid)  heating  facilitates  the  attainment  of  perhaps  the  highest  possible 
heating  rates  (750°C  per  minute)  attainable  with  pure,  undoped  alumina  in  a  2.45  GHz. 
multimode  MW  c.'svlty. 

MHH  results  in  accelerated  denslflcatlon  (higher  denslflcatlon  to  coarsening 
ratios)  as  compared  to  CFF.  when  sintered  under  the  same  state  conditions  of 
temperature  and  time. 

MHH  is  signlflcantly  Influenced  by  heating  rates,  in  a  manner  similar  to 
conventional  sintering.  Higher  heating  rates  result  in  higher  densities  and  smaller  grain 
sizes. 

The  influence  of  particle  size  on  the  MHH  phenomena  is  analogous  to 
conventional  sintering.  Smadler  starting  particle  sizes  culminate  in  the  highest  densities 
and  largest  grain  sizes.  This  may  be  attributed  to  the  higher  surface  area,  and 
consequently,  higher  driving  force  for  sintering. 

ACKNOWLEDGEMENTS 

The  support  of  the  Defense  Advanced  Research  Projiscts  Agency  (DARPA)  under 
contract  #  MDA972  -B5-J-1006  is  gratefully  acknowledged. 


336 


Microwaves 


Time  (minntee) 


Figure  a  Effect  of  perUcle  size  on  the  MW  (hybrid)  heating  of  AKP  alutnina:: 

(a)  Particle  Size  Distribution  of  AKP  alumina  (as-received) 

(b)  Temperature-Time  Sintering  Cycles  (holding  time  -30  minutes) 
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ABSTRACT 

Magnetite,  Fe304,  is  a  strong  absorber  of  microwave  energy,  which  can  be  used  to  enhance 
heating  in  microwave  transparent  or  low  absorbing  matrices.  To  examine  the  heat  generation  of 
magnetite  for  ultimate  use  in  materials  consolidation,  magnetite  was  dispersed  in  relatively  low 
absorbing  soda-lime  glass  particles.  The  effects  of  magnetite  weight  fraction,  microwave  power, 
and  sintering  time  on  temperatures  and  bulk  properties  of  the  sintered  specimens  are  presented. 

INTRODUCTION 

The  use  of  microwave  electromagnetic  radiation  is  attracting  increased  attention  as  an  innovative 
method  of  sintering  ceramics.  Strong  microwave  couplers  such  as  magnetite  (conductive  and 
magnetic)  are  especially  important  as  particulate  additives  for  selective  enhancement  of  heating  in 
microwave  transparent  or  low  absorbing  matrix  ( 1  ].  Because  magnetite  exists  naturally  in  iron 
ores,  it  is  a  cheap  source  of  raw  material  for  microwave  consolidation  and  fabrication  of  materials 
[2].  This  investigation  examines  the  sintering  of  magnetite  powders  in  a  soda-lime  glass  matrix, 
and  the  properties  of  the  consolidated  materials. 

EXPERIMENTAL 

Industrial-grade  magnetite  from  Alfa  was  dispersed  in  a  matrix  of  relatively  microwave  transparent 
soda-lime  glass  spheres  from  Flex-O-Lite.  Particle  size  distributions  of  the  constituents  were 
determined  with  a  particle  size  analyzer^.  The  degree  of  nonstoichiometry  of  the  magnetite  was 
determined  through  its  weight  gain  in  O2  using  thermal  gravimetric  analysis  (TGA)  at  a  heating 

rate  of  5°C7min  to  950®C.  An  approximate  assessment  of  the  accuracy  of  TGA  was  determined 
by  comparing  theoretical  weight  gain  with  that  of  99.999%  Fe304  from  Alfa  chosen  as  the 
standard.  The  thermal  properties  of  the  glass  were  determined  using  differentia^  thermal  analysis 
(DTA)  at  a  heating  rate  of  40PC/min  in  order  to  simulate  a  similar  fast  beating  rate  in  the 
microwave  heating  of  magnetite. 

Thirty-gram  specimens  were  made  containing  5,  10,  15,  30,  and  45  wt%  magnetite.  The 
constituents  were  dry-mixed  until  uniform,  water  added,  pressed  uniaxially  to  12,000  lbs.  in  a  4.50 

^Micromeritics,  Norcross,  GA  Model  #  5000D 
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cm  X  2.30  cm  metal  die,  and  air-dried.  Greenbody  densities  were  determined  from  the  dry  masses 
and  i:<imensions  of  the  specimens. 

Processing  was  conducted  at  2.4S  GHz  in  a  900W  muitimode  microwave  appiicator^  (44  cm  x 
33.5  cm  X  23.3  cm).  In  the  center  of  the  appiicator  was  piaced  an  insulating  firebrick  vessel  (1 1.3 
cm  X  10.0  cm  X  6  cm)  and  vessel  cover  (1 1.3  cm  x  10  cm  x  1  cm),  containing  a  cavity  (3.0  cm  x 
6.3  cm  X  2.3  cm)  for  the  specimen.  The  sintered  specimen  densities  and  porosities  were 
determined  after  a  3-hour  boil  and  a  24-hour  soak,  according  to  ASTM  Standards  (C373-8S). 
Temperature  measurements  were  made  using  a  dual  wavelength  infrared  pyrometer^. 

RESULTS  AND  DISCUSSION 

Materials  Characterization  and  Chemical  Reaction 

Particle  sizes  and  shapes  of  the  magnetite  powders  and  the  glass  spheres  are  compared  in  Fig  1. 


la.  Magnetite  Powders  (593x)  lb.  Soda-lime  Glass  Spheres  (339x) 

Figure  1.  Comparison  of  Particle  Sizes  and  Shapes. 


The  irregular  magnetite  powders  bad  an  approximate  surface  area  of  6m^/g.  Their  equivalent 
spherical  diameters  rang^  from  1  to  15  jim,  with  30%  of  the  cumulative  mass  occurring  at  5  Jim. 
(The  particles  shown  in  Fig.  la  are  agglomerates.)  The  diameters  of  the  solid  glass  spheres  ranged 
from! 5-50  jim,  with  50%  of  the  cumulative  mass  occurring  at  27  |l.m.  Thus,  the  magnetite 
particles  were  approxirtiateiy  3  times  smaller  than  the  glass  spheres. 

According  to  Alfa,  the  industrial-grade  magnetite  was  97%  pure.  Impurities  Included  water,  water- 
soluble  salts,  and  traces  of  various  elements  such  as  Si,  Mn,  Mg,  Na,  Cr,  Zn,  Cu,  Co,  Ba,  Te,  and 
Ag.  The  degree  of  nonstoichiometry  of  magnetite  is  important,  since  electron  hopping  from  Fe^"*" 
toFe3+  is  responsible  for  a  fraction  of  the  dielectric  susceptibility  and  loss  (3).  The  oxidation  of 
stoichiometric  Fe304  occurs  between  350  and  400°C  [41,  and  is  given  by 

2  (Fe0*Fe203)  +  1/2  O2  -♦  3  Fe203  (1) 

2  Litton  Systems  Inc.,  Minneapolis,  MN  Model  #,  1052 

3  Mikron  Instrument  Co.,  Wyckoff,  NJ  Model  #  M77 
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with  a  theoretical  weight  gain  of  3.453%.  The  TCA  of  99.999%  Fe304  gave  an  average  weight 
gain  of  3.30  wt%.  This  resulted  in  a  5%  error  from  TGA,  assuming  the  powder  was 
stoichiometric.  The  calculations  for  determining  the  Fe^^/Fe^'*'  ratio  were  based  on  these 
assumptions:  (1)  only  the  oxidation  of  Fe^'*' contributed  to  the  weight  gain,  (2)  all  Fe^*^  ions 
were  converted  to  Fe^'*',  and  (3)  the  Fe^'*'  valence  did  not  change,  since  Fe203  is  stable  up  to 

1390^C  [S].  With  these  assumptions,  the  general  equation  for  the  oxidation  of  nonstoichiometric 
magnetite  can  be  written  as 

2  (  X  FeO  •  [l-xl  Fe203  )  +  x/2  O2  -»  y  Fe203  (2) 

where  x  was  the  amount  of  Fe^'*'  ions,  and  y  was  the  total  amount  of  hematite  produced. 
Industrial-grade  magnetite  had  an  average  weight  gain  of  1.91  %,  giving  a  Fe203/Fe0  mole  ratio  of 
2.18.  Thus,  industrial-grade  magnetite  deviated  signirtcantly  from  stoichiometry. 

Soda-lime  gless  had  a  chemical  composition  of  73%SiC)2  -  15%Na20  -  7%CaO  -  4%MgO  - 
1%AI203  by  weight.  The  glass  transition  range  was  SSO  to  610°C,  softening  temperature  was 
700®C,  and  crystallization  temperature  was  1290®C. 

Microwave  Processing 

A  specimen  of  just  soda-lime  glass  spheres  did  not  develop  necking  when  processed  at  900W  for  1 
hour.  However,  when  magnetite  was  added,  it  quickly  generated  intense  heat  to  consolidate  the 
glass  spheres.  Figure  2  shows  the  generalized  sintering  progress  for  a  specimen.  Stages  a,  b  and  c 
resulted  from  short  sintering  times  and/or  low  microwave  powers.  Stages  d  and  e  resulted  from 
long  sintering  times  and/or  high  powers.  Stages  dl  and  el  were  exhibited  by  the  lower  magnetite 
content  specimens  (5, 10,  and  15%)  which  had  deformed  from  their  greenb^y  shape.  Howeve', 
stages  d2  and  e2  were  exhibited  by  the  higher  magnetite  content  specimens  (30  and  45%)  which  did 
not  loose  their  original  shape. 

The  consolidated,  glassy  parts  of  the  specimens  were  always  found  First  in  the  central  regions  of 
the  specimens  shown  in  Stages  dl  and  d2.  Consolidation  occurs  when  the  glass  sphr  as  at  high 
temperatures  (>7000C)  lose  their  spherical  shape  and  flow  into  the  pores  of  the  specimen.  Then  as 
temperatures  increased  beyond  that  of  Stages  d  1  and  d2,  the  amount  of  viscous  glass  increased  from 
the  central  regions  to  die  boundaries  of  the  specimens  shown  in  Stages  el  and  e2.  These  results 
are  particular  to  soda-lime  glass  because  a  temperature  difUrence  of  say  about  S0t>C  around  the 
softening  point  would  cause  the  viscosity  to  change  by  about  an  order  of  magnitude  (2xl0l(^  at 
6OOOC;  4xlo7p  at  700°C:  TxlO^p  at  8OOOC  [6]).  Furthermore,  good  thermal  insulation  is  an 
extremely  important  parameter  which  can  reduce  temperature  gradients,  improve  the  uniformity  of 
the  sintered  specimens,  and  enhance  the  heating  ability  of  magnetite.  Using  Firebrick  insulation 
with  a  cavity  much  larger  than  the  specimen  resulted  in  poor  insulation,  uneven  heating  proFiles, 
and  greater  likelihood  of  thermal  runaway. 

Effecti  of  Magnetite  Content  on  Bulk  Properties  and  Temperatures 

Different  mass  fractions  of  magnetite  resulted  in  different  greenbody  properties,  because  the 
magnetite  particles  were  much  smaller  than  those  of  glass.  Green  porosities  were  calculated  from 
(theoretical  density  -  greentxxiy  density)  /  theoretical  density  x  100.  The  green  porosities  of  5,  10, 
15,  30  and  45%  magnetite  were  as  follovw;  40.9,  40.9,  39.1,  34.3,  and  30.6%. 
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I  I  Fe304  and  unconsolidated  glass  (T<1000C) 

FejOs  and  unconsolidated  glass  ( 100OC<T<700®C) 
IS  Fe203  ana  consolidated  glass  Cr>7000C) 


Figure  2.  General  Progress  of  Sintering. 

Table  1  shows  the  change  in  porosity,  the  Final  porosity,  ).'ttd  the  final  sintering  stage  for  each 
specimetL  Maximum  temperatures  can  be  estimated  /oughJ^based  on  the  information  in  Fig.  2. 

Table  1.  Reductions  in  Porosity,  Sintered  Porosities,  and  Final  Sintering  Stages  for  Various 

Spedmens. 


40%  Power  for  50  Minutes  (Set  A) 

50%  Power  for  25  Minutes  (Set  B) 

Magnetite 

Porosity 

Final  Porosity 

Porosity 

Final  Porosity 

(%) 

Reduction 

(%) 

.(%) 

Reduction 

(%) 

(%) 

5 

. 

• 

0 

41  (not  sintered,  b) 

10 

30 

11  (dl) 

37 

4  (el) 

15 

15 

24  (between  dl  &  el) 

30 

9  (between  dl  &  el) 

30 

23 

11 (e2) 

15 

19  (e2) 

45 

. 

22 

9(e2) 

Compared  to  Set  B,  Set  A  was  processed  at  10%  lower  power  for  twice  as  long.  For  each 
magnetite  content,  signiFicant  differences  in  porosities  existed  between  Set  A  and  B,  although 
different  processing  conditions  produced  roughly  the  same  sintering  stage.  Set  B  suggests  the 
existence  of  a  minimum  percentage  of  magnetite  required  for  densiFication  for  a  particular  power 
and  heating  time.  For  the  insulation  system  used,  this  minimum  was  between  5  and  10% 
magnetite.  As  the  amount  of  magnetite  exceeded  the  minimum  value,  a  specimen  exhibited  the 
largest  porosity  reduction  and  the  lowest  Final  porosity.  For  both  sets,  as  magnetite  content  was 
increased,  the  porosity  reductions  decreased  and  the  Final  porosities  increased.  This  can  be 
attributed  partly  to  the  smaller  amount  of  glass  available  for  viscous  flow  in  higher  magnetite 
content  specimens.  However,  for  even  higher  content  specimens,  the  porosity  reduction  increased 
at  30%  magnetite  for  Set  A  and  at  45%  magnetite  for  Set  B,  while  the  Final  porosities  decreased. 
Figure  3  shows  higher  surface  temperatures  at  shorter  times  with  increasing  magnetite  content. 
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The  properties  of  consolidated  ma^etite/glass  composites  are  the  ccnsequence  of  two  primary 
densification  mechanisms :  viscous  flow  of  glass  and  solid-state  diffusion  of  the  oxide. 
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Figure  3.  Surface  Temperature  Ptoflles  for  Various  Magnetite  Content  (wt%)  at  60%  of  700W. 

Effects  of  Microwave  Power  and  Sintering  Time  on  Bulk  Properties 

For  both  30  and  45%  magnetite,  the  reduction  in  porosity  increased  as  the  percentage  of  incident 
power  increased  from  30  to  50%,  as  shown  in  Table  2. 

Table  2.  Increase  in  Porosity  Reduction  With  Microwave  Power. 


A  4  A 
A  ^ 


aA^‘ 


^  ,»•  . . 


!♦ 


Key; 


• 

10% 

* 

15% 

A 

30% 

A 

100% 

Power  (%) 

30%  Magnetite 
(25  minutes) 

45%  Magnetite 
(25  minutes) 

30 

6 

1 

40 

14 

10 

50 

16 

22 

Porosity  reduction  also  increased  as  sintering  time  increased,  as  shown  in  Table  3. 

Table  3.  Increase  in  Porosity  Reduction  With  Sintering  Time. 


15%  Magnetite,  40%  Power 

30%  Magnetite,  40%  Power 

45%  Magnetite,  50%  Power 

10  (45  min.) 

15(50  Min.) 

14  (25  min.) 

24  (50  min.) 

22  (25  min.) 

24  (35  min.) 

Notice  that  a  15%  magnetite  specimen  would  have  to  be  processed  for  much  longer  than  50 
minutes  at  40%  power  to  reach  the  same  porosity  reduction  or  sintered  porosity  as  a  30% 
magnetite  specimen.  Indeed,  a  15%  magnetite  specimen  processed  at  S0%  power  for  just  25 
minutes  was  found  to  exhibit  30%  porosity  reduction  or  9%  sintered  porosity.  This  effect  was 
also  observed  with  other  specimens  at  other  processing  conditions. 
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In  low  magnetite  content  specimens  (5,  10  and  15%),  the  glassy,  fracture  surfaces  of  the 
consolidated  composite  did  not  show  glass  in  its  original  spherical  shape  but  were  extensively 
consolidated.  An  example  is  shown  in  Ftg.  4.  For  this  particular  specimen,  the  original  locations 
of  the  spheres  are  apparent  from  the  positions  of  the  small  pores,  which  were  due  to  the 
unconsolidated  space  between  the  original  spheres.  Thus,  extensive  necking  (>700®C)  between 
spheres  occurred.  The  large  pores  were  the  products  of  the  extensive  sintering.  (Optimization  of 
the  sintering  conditions  was  not  the  objective  of  this  investigation.) 


Figure  4.  Microstructure  of  5%  Magnetite  Specimen  Processed  for  25  Minutes  at  60%  Power. 

The  fracture  surfaces  of  30  and  45%  magnetite  specimens  were  also  glassy,  but  with  many 
spherical  pores  (see  Fig.  5a)  comparable  to  the  sizes  of  the  original  glass  spheres.  Glass  spheres 
in  the  greenbody  did  not  touch  but  were  embedded  individually  in  the  oxide.  Dens.Hcation 
involved  the  flow  of  glass  into  the  pores  of  the  oxide,  as  wel'  .ss  the  self-sintering  of  the  oxide. 
Figure  5b  shows  evidence  of  smooth  fracture  surfaces  around  the  spherical  pores,  which  indicates 
the  presetKe  of  glass  around  these  pores. 


Figure  5a.  Microstructure  of  30%  Magnetite  Specimen  Processed  for  50  Minutes  at  40% 

Power. 
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Figure  5b,  Microstnicture  of  45%  Magnetite  Specimen  Processed  for  25  Minutes  at  50% 

Power. 

Specimens  of  30  and  45%  magnetite  all  had  black  cores  surrounded  by  an  outer,  red  oxide  which 
was  identified  as  hematite  by  XRD.  However,  the  inner  core  was  not  identifiable.  The  XRD 
pattern  of  the  black  core  was  different  from  those  of  Fe304,  FeO,  and  a-Fe203.  The  TGA 
analysis  of  the  ground  powders  heated  in  air  gave  no  weight  gain,  indicating  that  there  were  no 
detectable  ferrous  ions.  The  ground  powders  prior  to  TGA  had  a  brown  streak  (red  indicates  Q- 
Fe203  (71),  and  did  not  turn  red  upon  TGA  heating.  Since  temperatures  are  usually  higher  on  the 
inside  than  the  outside  of  a  specimen  he».tcd  by  microwaves,  some  reaction  or  solid  solution 
between  the  oxide  and  the  glass  in  the  inner  core  were  possible. 

A  rough  estimate  of  the  average  power  Pav  generated  by  the  oxide  is  determined  from 

Pav  ”  lA  |tn/Cpoxide  (T)  dl  +  m  Cpg|ass,mean  AT)  (3) 

where  t  is  the  sintering  time,  m  is  the  mass  of  the  constituents,  Cp  is  the  heat  capacity,  and  AT  is 
the  temperature  increase.  The  microwave  heating  of  30%  magnetite  at  60%  power  of  700W  for  6 
minutes  reached  an  approximate  internal  temperature  of  1000°C  (see  Fig.  3).  Based  on  heat 
capacity  data  for  20,4%Na2O  -  9.6%CaO  -  70.0wt%SiO2  glass  |8]  anJ  for  hematite  (9],  this 
specimen  generated  an  average  power  of  95W.  The  average  power  supplied  from  the  magnetron  is 
420W.  The  efficiency  for  the  energy  conversion  is  roughly  liVo  by  microwave  heating.  For  a 
typical  conventional  furnace  operating  at  lOOOW  power  and  20OCymin  heating  rate,  the  efficiency 
is  approximately  5%.  Microwave  heating  seems  to  operate  more  efficiently,  due  mainly  to  the 
high  heating  rate  and  low  power  necessary  for  heat  generation  in  highly  lossy  materials. 
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CONCLUSIONS 


Microwave  heating  of  magnetite  has  been  shown  to  enhance  heating  in  relatively  low  absorbing 
soda-lime  glass  matrix.  The  porosities  of  magnetite-containing  specimens  decrease  with  increasing 
sintering  times  and  increasing  percentages  of  the  on-time  of  the  magnetron.  Increasing  the 
magnetite  content  increases  the  temperatures  of  the  specimens.  However,  a  minimum  amount  of 
magnetite  is  necessary  to  enhance  heating.  For  the  same  power  and  time,  the  low  (~S%)  and  high 
(30  and  4S%)  magnetite  specimens  produced  the  lowest  final  porosities  and  the  highest  porosity 
reductions.  The  microstructures  of  the  consolidated  areas  in  the  low  magnetite  content  specimens 
(5, 10  and  15%)  did  not  show  glass  in  its  original  spherical  shape,  and  were  well-densified.  These 
specimens  deform  from  their  greenbody  shape  during  processing  while  high  magnetite  content 
specimens  (30  and  45%)  retain  their  initial  shapes.  Using  high  magnetite  content  to  sinter  glass 
particles  with  diameters  near  a  few  tens  of  microns  can  lead  to  many  large,  closed  pores  in  the 
specimens  comparable  to  the  initial  sizes  of  the  spheres,  even  though  no  spheres  were  left  after 
sintering.  The  bulk  properties  of  magnetite/glass  composites  are  determined  by  both  viscous  flow 
of  glass  and  sclid  state  diffusion  of  the  oxide.  The  degree  and  uniformity  of  sintering  is  largely 
influenced  by  the  quality  of  thermal  insulation. 
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ABSTRACT 

Comple'eiy  densified  hydroxyapatite  ceramics  were  successfully  sintered  in  a  SOO  W 
microwave  oven  within  S  - 10  rain  at  sintering  temperature  of  1 100  -  1300°C.  Compared  with  the 
hydroxyapatite  ceramics  sintered  by  the  conventional  method,  the  microwave  sintered 
hydroxyt^ute  ceramics  have  the  following  characteristics:  denser  microstnicture  and  finer  grain 
size,  as  well  as  the  improved  mechanical  strength,  and  the  process  consumes  a  small  Action  of  the 
energy  and  time  of  conventional  sintering. 

INTRODUCnCM^ 

Using  gels  of  AI2P3  and  Si02.  Roy,  Komarneni  and  Yang  [1,2]  first  showed  that  the 
extraordinary  rates  of  temperature  increase  (hundreds  of  degrees  per  min)  could  be  attained  in 
microwave  Held  in  heating  such  ceramic  materials.  Microwave  sin'ering,  although  well  known 
[3]  for  Territes  and  other  lossy  materials,  is  in  its  infancy  for  white  or  non-lossy  ceramics.  It  has 
been  proved  to  be  a  new,  rapid  and  highly  efficient  technique  in  ceramic  fabrication.  A  fundamental 
characteristic  of  the  microwave  sintering  is  that  the  heat  is  volumctrically  generated  right  inside  the 
material  processed,  instead  of  being  transferred  from  outside  by  thermal  diffusion  as  in  a 
conventional  sintering  process.  As  a  result,  the  efficiency  of  microwave  processing  depends  on  the 
propenies,  especially  the  dielectric  loss  factor  of  the  material.  Thermal  runaway,  a  typical 
phenomenon  usually  encountered  in  microwave  sintering,  is  noticed  as  an  abrupt  increase  of 
temperature  in  the  materials  at  temperature  rates  of  hundreds  of  degrees  per  min.  For  many 
materials,  such  a  high  heating  rate  will  result  in  destruction  [4].  However,  under  certain 
circumstances,  thermal  runaway  may  just  offer  one  a  unique  means  to  achieve  new  materials  with 
novel  properties. 

Hydroxyapatite  (Ca  jo(P04)5(OH)2,  HAp]  is  the  major  constituent  of  all  mammalian’s  hard 
tissue.  Hence  it  is  obviously  an  important  candidate  material  in  biomedical  applications,  because 
of  its  excellent  biocompatibility  with  the  bones  and  teeth  of  vertebrates.  The  first  successful 
microwave  sintering  of  a  HAp  ceramic  sample  (1.4  g)  was  done  in  this  lab  two  years  ago,  in  a  600 
W,  2.45  GHz  microwave  oven  at  its  80%  power  input  [5].  Since  then,  a  series  of  advances  have 
been  made  in  this  area.  In  this  paper,  some  results  on  the  rrpid  microwave  sintering  of  HAp 
ceramics  are  presented,  and  the  positive  contribution  of  thermal  runaway  to  the  high-efficiency 
microwave  sintering  is  discussed. 
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EXPERIMENTAL  PROCEDURE 


IWo  HAp  powders  were  used.  Powder  A  (-325  mesh),  synthesized  by  the  hydrolysis  of 
brushite  (CaHP04'2H2P)  followed  by  a  “ripening”  treatment  with  CaCl2  [6],  had  a  BET  specific 

saface  area  of  47.4  m^/g,  and  needle-shaped  single  crystallites,  with  an  equivalent  spherical 
particle  diameter  of  0.04  pm.  Powder  B  (only  slightly  ground),  was  prepared  by  a  precipitation 
method  (7)  followed  by  hydrothemal  treatment  in  a  Pan  bomb  at  20O°C  for  48  h.  This  powder 
had  a  BET  surface  area  of  40.7  m^/g,  with  single  particles  having  a  nearly  granular  morphology 
and  an  equivalent  spherical  particle  diameter  0.047  pm.  Before  use,  both  powders  were  heated  at 
S0O°C  to  remove  free  and  adsorbed  water.  With  these  powders,  circular  pellets  of  1.27  cm  (0.S  in) 
dia.  were  uniaxially  pressed  at  different  pressures  to  get  various  green  densities. 

Table  1.  Processing  Conditions  of  Microwave  and  Conventional  Sintering  of  HAp  Ceramics. 

Batch  Starting  Sintering  Trigger  Time  Total  Processing  Density,  % 
Powder  ®C,  min  min  Time*,  min  Green/Sintered 


1-1 

1-2 

1-3 


n 


ra-i 

m-2 


A 

A 

B 

A 

A 

A 


-  51.4/-  92.1 

-  51.4/.  95.5 

-  60.0/-  99.7 

42/79.5, 47/86.5 

51.4/89.4 

51.4/93.6 


*  Does  not  include  cooling  time. 

TWo  types  of  microwave  sinterings  were  carried  out.  1.  Microwave  sintering  with  thermal 
runaway.  This  was  carried  out  at  1100  to  1300°C  in  a  500  W  commercial  microwave  oven.  A 
porous  zirconia  cylinder  was  used  for  insulation  around  the  specimens,  covered  with  a  thick 
Fibetfrax*  cushion  for  further  insulation.  The  details  of  the  arrangements  are  described  elsewhere 
[1,8].  In  this  type  of  sintering,  temperature  was  controlled  only  when  it  nearly  reached  the  desired 
sintering  temperature.  II.  Thermal  runaway  suppressed  microwave  sintering.  The  sintering  was 
carried  out  at  1200°C  in  a  1000  W  microwave  oven**,  with  silicon  carbide  bars  of  large  mass  as 
microwave  absOTber.  The  samples  were  placed  on  a  platinum  foil  and  exposed  to  the  microwave 
field.  In  all  the  microwave  sintering  experiments,  temperature  near  the  specimens  was  monitored 
with  a  Pt-PtlORh  thermocouple.  For  comparison,  conventional  sintering  was  carried  out  at  1200 
and  nOO^C  for  2  h  in  a  5  kW  programmable  electric  furnace,  with  a  temperature  rate  of  5®C/min 
in  both  heating  and  cooling.  Table  1  lists  the  processing  conditions  of  all  sintering  experiments. 

•Carborundum  Co.,  Niagra  Falls,  NY  Form  C733-B. 

••CEM  Corp.,  Matthews,  NC  Model  MAS-300. 
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The  microwave  sintered  HAp  ceramics  were  characterized  for  density,  microstructure,  and 
phase  compositions.  Diametral  tensile  strengths  [9]  of  some  samples  were  measured  at  a  crosshead 
speed  of  0.0S1  mm  (0.002  in)  per  min. 

RESULTS  AND  DISCUSSION 

Microwave  Sintering  with  Thermal  Runaway  (Batch  I) 

The  thermal  runaway  in  the  current  smdy  has  the  features  as  shown  in  Fig.  1.  In  Batch  M 
and  1-2,  the  thermal  runaway  took  place  at  3  min,  and  total  processing  took  only  15  min  (Table  1). 
Fig.  2  shows  the  density  of  the  pellets  in  Batch  I-l  and  1-2,  sintered  for  10  min  at  1200  and 
1300^,  respectively.  Compared  with  those  conventionally  sintered  at  the  same  temperatures,  it 
can  be  seen  that  microwave  sintering,  although  involving  shorter  period  of  time  (only  8.3%  of  the 
con/entional),  resulted  in  higher  sintered  density,  especially  when  the  green  density  of  the  pellets 
was  higher:  When  green  density  was  over  43%,  microwave  sintering  at  HOO'C  for  10  min 
achieved  about  the  same  sintered  density  as  achieved  by  the  conventional  sintering  at  1300°C  for  2 
h.  The  densities  of  the  specimens  sintered  by  microwave  processing  at  1300°C  for  10  min  were 
even  higher. 
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Fig.  1.  lypical  features  of  the  thermal  Fig.  2.  Density  of  sintered  HAp.  I.  By 

runaway  in  the  microwave  sintering  (with  microwave,  1300®C,  10  min.  2.  By  micro- 

porous  zirconia  as  insulator  and  heating  aid)  wave,  1200X,  10  min.  3.  Conv.  1300°C, 
of  HAp.  1.  Batch  I-l.  2.  Batch  1-2.  2  h.  4.  Conv.  1200'C.  2  h. 

The  significance  of  green  density  as  related  to  the  sintered  density  is  further  confirmed  in  the 
results  of  Batch  1-3.  The  specimens  in  this  batch  had  green  density  of  SO  and  60%,  respectively; 
when  microwave  processed  at  1 100  for  5  min,  both  pellets  were  fully  densified.  The  average  grain 
size  of  the  sintered  pellets  was  only  about  0.2  pm.  These  sintered  samples  were  also  phase  pure  as 
determined  by  a  careful  XRD  analysis  on  both  as-sintered  surface  and  the  bulk  powder  of  the  same 
sintered  pellets.  The  full  densification  of  this  batch  of  samples  is  atuibuted  to  h'gh  packing 
efficiency,  excellent  sinterability  of  the  starling  powder  as  well  as  the  quick,  high-efficiency 
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Fig.  3.  A  comparison  of  ihc  as-sintcrcd  surface  of  hydroxyapatite  ceramics  sintered  by 
(A),  microwave  processing,  1200°C,  10  min;  (B),  conventional  method,  1200°C,  2  h. 
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microwave  sintering.  Notice  that  Powder  B  used  in  this  batch  was  ullrarine,  with  granular 
morphology,  which  enables  higher  green  density  and  better  sintcrability.  Since  the  average  particle 
size  of  Powder  A  was  about  the  same  as  Powder  B,  it  is  the  needle-shaped  morphology  of  Powder 
A  that  hindered  the  pellets  in  Batch  I-l  an  1-2  from  being  further  densified  under  the  experimental 
conditions.  Particle  size  distribution  (not  studied)  might  have  also  played  an  important  role. 

The  morphology  of  the  as-sintered  pellet  of  microwave  processing  at  1200°C  for  10  min  (I- 
1)  was  different  from  that  conventionally  sintered  at  the  same  temperature  for  2  h  (Fig.  3).  The 
microwave  sintered  sample  showed  even  and  uniform  surface,  while  the  conventionally  sintered 
sample  showed  granular  outlines.  Obviously,  microwave  sintering,  even  in  much  shorter  time 
(8.7%  of  the  conventional  sintering),  resulted  in  more  intensive  mass  diffusion.  Certain  secondary 
crystallization  was  noticed  in  the  samples  sintered  at  1300°C  by  both  microwave  and  conventional 
processes  (Batch  1-2  and  111-2),  but  the  average  grain  size  in  the  microwave  sintered  sample  was 
only  half  of  that  of  conventionally  sintered  sample.  This  limited  grain  growth  is  attributed  to  the 
quick  and  efficient  microwave  sintering.  Without  applying  any  pressure,  the  sintering  process  of 
ceramics  is  always  accompanied  by  densification  and  grain  growth.  Compared  with  the 
conventional  sintering,  while  the  densification  process  is  substantially  enhanced  in  the  microwave 
sintering,  the  rate  of  grain  growth  is  relatively  retarded. 

Thermal  Runaway  Suppressed  Microwave  Sintering  (Batch  II) 

TWo  groups  of  samples  (2  pellets  each)  with  green  density  of  42  and  47%  were  sintered  to 
79.5  and  86.5%  density,  respectively.  The  corresponding  results  achieved  in  the  thermal-runaway- 
unsuppressed  microwave  sintering  (1-2),  with  the  same  green  density  and  same  sintering 
temperature,  are  79.4  and  90%,  respectively.  In  the  thermal  runaway  suppressed  microwave 
sintering,  even  though  the  time  required  to  reach  the  sintering  temperature  (1200*C)  was  much 
longer  (40  min  vs.  4  min.  Fig.  4),  the  density  of  sintered  sample  did  not  show  any  increase.  This 
clearly  indicates  that  the  thermal  runa\«  ay  did  play  an  important  and  positive  role  in  the  rapid 
microwave  sintering  of  HAp  ceramics. 
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Fig.  4.  A  comparison  of  heating  curves  of  microwave  sintering  of  HAp 
ceramics.  1.  With  thermal  runaway.  2.  Thermal  runaway  suppressed. 
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It  was  repotted  that  the  triggering  of  thermal  runaway  is  directly  related  to  the  mass  of  the 
material  processed  [1].  For  a  specific  material  with  a  reasonable  loss  factor,  within  the  penetrating 
limit  of  the  microwaves,  the  absorption  of  microwave  energy  is  directly  related  to  the  area  or  the 
mass  of  the  material  irradiated.  In  the  experiments  of  Batch  I,  however,  the  use  of  zirconia  cylinder 
shielded  the  thermal  runaway  of  the  sample  itself,  because  the  mass  of  the  samples  was  much  less 
than  that  of  the  zirconia  cylinder  and  zirconia  has  a  high  microwave  absorption  efficiency. 

Contribution  of  Thermal  Runaway 

The  high  efficiency  of  microwave  sintering  involves  two  aspects,  the  high  efficiency  of 
volumetric  heating  without  thermal  gradient,  and  the  substantial  reduction  of  time  required  for  the 
heating  prior  to  and  during  sintering.  In  microwave  sintering,  thermal  runaway  makes  it  possible 
to  reach  sintering  temperature  within  a  couple  of  minutes  which  would  otherwise  take  a  few  hours 
in  a  conventional  sintering.  In  conventional  sintering,  the  heating  rate  depends  not  only  on  the 
capacity  of  furnace,  but  also  on  the  thermal  shock  resistance  of  the  material  itself.  The  thermal 
gradient  at  high  heating  rates  could  make  the  material  crack  or  break. 


Fig.  5.  Uniformity  of  HAp  ceramics  sintered  by  microwave  processing  with 
thermal  runaway,  at  1100°C  for  3  min,  then  1200'C  for  7  min.  (A).  Before 
sintering.  (B).  After  sintering. 

The  fact  that  the  HAp  specimens  did  not  crack  or  break  during  the  thermal  runaway  in 
microwave  processing  clearly  indicates  that  there  was  no  (or  not  significant)  thermal  gradient  in  the 
processed  HAp  specimens.  The  uniformity  of  the  microwave  sintered  pellets  is  demonstrated  in 
Fig.  5,  in  which  imprinted  samples  were  sintered  with  thermal  runaway.  The  uniiorm  shrinkage 
could  not  have  been  achieved  if  there  were  any  significant  thermal  gradients.  The  following  factors 
may  explain  wh)  there  is  no  deleterious  effect  on  microwave  sintering  (Batch  1): 
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1)  Although  the  thennal  tunaway  was  not  triggered  directly  by  the  processed  material  under 
study  but  mainly  by  the  zirconia  cylinder,  as  the  runaway  was  triggered  in  the  cylinder,  the 
temperature  of  the  sample  was  brought  up,  and  according  to  the  relation  between  loss  factor  and 
temperature  [10],  its  dielectric  loss  factor  would  increase  with  temperature.  This  would  make  the 
material  absorb  more  microwave  energy  and  further  increase  the  temperature,  and  so  on.  This 
reasoning  actually  indicates  that  the  thermal  runaway  took  place  in  the  processed  material  at  about 
the  same  time  it  occurred  in  the  zirconia  cylinder.  The  hysteresis  between  the  two  must  not  have 
been  significant,  otherwise  the  damage  in  the  material  would  be  apparent 

2)  The  size  of  the  HAp.sample  also  makes  a  significant  difference.  Since  in  this  study  the 
pellets  processed  were  thin,  and  no  doubt  the  thickness  of  these  pellets  was  within  the  penetration 
limit  of  the  microwaves,  there  was  no  significant  thermal  gradient  within  the  sample  or  between 
the  sample  and  the  nearest  sunounding  of  the  samples  during  the  thermal  runaway  or  the  sintering 
process. 

From  the  above,  it  is  clear  that,  under  certain  circumstances  the  thermal  runaway  condition 
contributes  significantly  to  the  microwave  sintering  of  HAp  ceramics.  Actually,  it  is  the  thermal 
runaway  that  made  the  rapid  sintering  of  HAp  ceramics  successful.  Both  dense  and  porous  HAp 
ceramics  with  some  novel  properties  have  been  successfully  fabricated  by  microwave  processing 
recently  in  this  lab.  The  relevant  results  are  being  published  elsewhere. 

The  diametral  tensile  strength  data  of  the  microwave  sintered  HAp  ceramics  and  some  of  the 
conventionally  sintered  samp’es  are  plotted  in  Fig.  6.  The  data  from  both  sources  seem  to  follow 
the  same  density-strength  relation.  This  indicates  that  microwave  sintering  substantially  improves 
the  sintering  efficiency  but  does  not  bring  about  any  change  in  the  structure.  As  shown 
previously,  with  the  HAp  specimens  of  the  same  green  density,  microwave  sintering  results  a 
higher  sintered  density  than  conventional  sintering.  So  that  the  enhanced  mechanical  strength  of 
the  microwave  sintered  samples  is  attributed  to  tiie  denser  microstructure  of  the  sintered  bodies. 
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Fig,  6.  Diametral  tensile  strength  of  HAp  ceramics.  (*) 
Conventionally  sintered,  (o)  Microwave  sintered. 
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CONCLUSIONS 


HAp  ceramics  have  been  fabricated  by  microwave  processing  with  a  porous  zirconia  cylinder 
as  insulator  and  a  heating  aid.  Thermal  runaway  positively  contributes  to  the  highly  efficient 
microwave  sintering,  and  results  in  a  substantial  reduction  in  the  processing  time  and  energy.  At 
the  same  time,  the  grain  growth  can  be  signiHcantly  suppressed  while  achieving  full  or  nearly  full 
densiOcation.  Sinterability,  thermal  stability,  and  the  dehydration  of  the  starting  material  are 
important  factors  for  successful  microwave  sintering. 
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ABSTRACT 

Discs  of  YBa2Cu,07.,  were  sintered  ai  2.4.5  GHz  in  a  Raytheon  model  QMP2101 B-6  microwave 
oven  using  hybrid  heating.  Heating  YBa^GujO,.,  solely  by  microwaves  is  feasible,  but  a  silicon 
carbide  susceptor  was  u.sed  to  insulau:  the  discs  and  provide  a  more  uniform  thermal 
environment  In  order  to  begin  with  a  uniform  green  microsiruclurc,  the  discs  were  slip<asi 
from  a  non-aqueous  dispersion  containing  fine  YBa2Cuj07.,  powder.  The  effects  of  varying 
limes  and  tempcrauircs  on  the  microstructural  uniformity,  dcnsirication,  and  grain  growth  were 
investigauxi  using  optical  and  quantitative  microscopy. 

INTRODUCTION 

The  discovery  of  superconductivity  in  oxide  systems  by  Bednorz  and  MUIlcr'  attracu^d 
many  scientists  to  the  field  of  superconductivity.  The  subsequent  findings  of  Wu.  Chu.-and 
coworkers^  of  a  relatively  easy  to  fabricate  ceramic  superconductor  with  a  critical  temperature 
above  that  of  liquid  nitrogen  prompted  many  researchers  to  invcsiigau;  the  properties  of  these 
new  mau:rials. 

Microwave  interactions  with  materials  have  proven  to  be  a  valuable  U)ol  in  the 
characterization  of  superconductors  and  other  materials.  Information  such  as  the  critical 
temperature,  T^’,  the  real  and  imaginary  parts  of  the  diciccuic  constant,  t’  and  e".*  and  the 
power  absorbed  by  the  maurial'  can  be  obtained  using  microwaves.  The  zero  resistance  property 
of  superconductors  has  also  been  used  for  the  fabrication  of  microwave  cavities.*’’  However, 
most  of  the  research  performed  in  the  microwavc/suptcrconductor  system  has  been  at  temperatures 
near  or  below  the  critical  temperature  of  the  superconductor. 

Baghurst  and  Mingos*  determined  that  copper  oxide  (CuO)  strongly  absorbs  microwaves 
at  a  frequency  of  2.45  GHz  at  ambient  temperature.  YBa2Cu707,,  was  later  synthesized  from 
precursor  materials  using  microwave  energy Chandler  cl  al"  used  microwaves  to  provide 
energy  for  the  tetragonal  to  orthorhombic  phase  uansformation  in  oxygen  on  samples  sintered 
conventionally.  They  reported  a  superconducting  fraction  in  the  microwave  annealed  sarhpics 
twice  that  of  the  samples  conventionally  annealed.  Cozzi”  sintered  superconducting  YBa2Cu307., 
pellets  to  low  densities  using  microwaves  at  2.45  GHz  and  800  watts. 

EXPERIMENTAL  PROCEDURE 

YBa2Cuj07.,  powder  was  produced  by  a  solid-stPie  synthesis  reaction  from 
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YjOj,'  CuO and  BaCO,*”  powders  with  a  nominal  wiriiy  of  99.9  %.  The  powders  were 
weighed  to  achieve  a  Y;Ba:Cu  ratio  of  1:2:3  and  mixed  with  an  equal  volume  of  deioni/cd  water 
to  homogenize  the  powders.  The  slurry  was  dried  and  calcined  in  an  alumina  boat  at  970  X  for 
eighteen  hours  in  a  box  furnace.  The  loosely  sintered  block  of  YBajCu,07_,  was  removed  from 
the  boat  and  ground  into  a  <  300  micron  powder  in  a  Diamonite  mortar  and  pestle.  The  powder 
was  calcined  again  at  945  °C  for  four  hours  in  a  tube  furnace  with  an  oxygen  flow  of  100  ml/hr. 
This  was  followed  by  a  slow  cool  to  600  “C  and  a  four  hour  hold  before  furnace  cooling  to  room 
temperature.  Hueberger’’  repotted  this  process  to  yield  single  phase  YBajCujO,.  The 
YBajCUjO,.,  powder  was" ground  to  <  125  microns  and  milled  with  zirconia  media  with  ethanol 
in  a  polypropylene  jar  for  five  hours.  Wu'*  reported  that  thi.s  process  in  not  detrimental  to  the 
phase  purity  of  the  powder.  The  powder/ethanol  mixture  was  tbeti  diluted  with  ethanol  to 
approximately  ten  volume  percent  solids  and  allowed  to  settle  for  fifteen  minutes.  The  ethanol 
and  fines  were  decanted  with  samples  of  the  settled  powder  and  fines  retained  for  x-ray  analysis. 
Wu'^  has  shown  litat  this  removes  any  minor-phase  particles  of  smaller  size  and  lower  density. 
The  remaining  ethanol  was  evaporated  and  the  agglomerated  mass  was  crushed  into  powder. 

A  suspension  of  fifty  volume  percent  YEajCujO,.,  powder  in  ethanol  was  prepared  w  iih 
a  one  weight  percent  addition  of  suspending  agent,  PVP  K-30.““  The  suspension  was 
dcagglomer’‘ed  by  ultrasonication  for  thirty  minutes.  The  suspension  was  then  aged  overnight 
on  a  roiling  mill  to  allow  the  viscosity  to  stabilize. 

Sample  discs  twenty  millim<’tcrs  across  and  five  millimeters  high  were  slip-cast  using 
the  suspension.  The  shapes  were  formed  using  polypropylene  molds  on  plaster  bats.  A  0.22 
micron  nylon  filter  was  used  as  a  barrier  to  prevent  the  fine  powders  from  hindering  the  casting. 
Binder  removal  of  the  samples  was  achieved  by  heating  the  discs  at  1  ®C/mir.  in  air  to  500  ’C 
and  holding  for  one  hour. 

The  discs  were  sintered  in  a  Raytheon  Model  QMP  2101B-6  6.4  kW,  2.45  GHz 
microwave  oven  using  the  configuration  in  figure  1.  The  nickel  foil  barrier  was  used  to  prevent 
arcing  between  the  thermocouple  and  sample.  Peng'*  concluded  that  small  substitutions  of  nickel 
does  not  significantly  effect  the  superconducting  properties  of  YBajCujO,.,.  The  discs  were 
sintered  in  air  using  the  times  and  temperature  li.stcd  in  Table  I.  The  heating  rate  u.scd  was  50 
°C/min  and  was  accomplished  with  one  800  watt  magncuun  tube  operating  at  2.45  GHz.  The 
setpoint  during  the  heat  up  and  hold  was  mainiaincd  by  altering  the  duty  cycle  of  the  microwave 
lube  as  necessary. 

The  bulk  density  of  the  specimens  was  determined  using  the  Archimedes  technique  with 
ethanol  as  the  liquid  medium.  The  total  porosity  was  calculated  from  the  bulk  density  and  a 
theoretical  density  of  6.38  g/cm’  for  YBajCu,©,. 

Phase  determinations  were  performed  on  the  initial  YBa2Cu,07.,  powder,  the  supcrnaieni 
from  the  settling  process,  and  the  three  samples  sintered  for  ninety  minutes  using  x-ray 
diffraction  analysis. 


‘Johnson  Matlhey  Electronics,  Y203  #  1900 
“Fisher  Scientific  Company,  Cupric  Oxide  #  C-472 
'“Johnson  Matlhey  Elccuonics,  BaCO,  #14341 
“”  GAF  Chemicals  Corporation,  PVP  K-30  polyvinlypyriolidone 
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Micrographs  were  taken  using  a  scanning  electron  microscope*  across  the  thickness  of 
the  sample  discs.  Standard  quantitative  microscopy  techniques  were  used  to  determine  the 
average  grain  si/e  and  porosity  with  respect  to  position  in  the  sample. 

RESULTS  AND  DISCUSSION 

The  bulk  density  of  the  specimens  increased  with  temperature  for  all  of  the  sintering 
times  evaluated.  There  was  minimal  densification  noted  in  the  sample  sintered  at  750  ''C  for 
sixty  minutes  and  only  a  small  increase  in  bulk  density  measured  for  the  sample  sintered  at  750 
°C  for  ninety  minutes.  Similarly  .the  sample  sintered  at  800  °C  for  ninety  minutes  exhibited  only 
a  small  measurable  increase  in  bulk  density.  The  first  appreciable  increase  in  bulk  density  was 
achieved  by  sintering  at  850  “C  for  90  minutes.  At  875  ®C.  significant  densification  was  noted 
at  sintering  times  of  fifteen  minutes.  The  bulk  density  gradually  increased  with  time  at  875  ’C 
to  5.32  g/cm’,  83.9  percent  the  theoretical  density  of  YBajCujO,.  Figure  2  plots  the  bulk  density 
versus  time  for  the  specimens  at  the  different  temperatures  examined. 

The  x-ray  diffraction  pattern  of  the  YBa,Cu,07.,  starting  powder  contained  some  peaks 
that  were  not  associated  with  YBajCujO,.  Traces  of  YBa^CujOj  and  BaCO,  were  included  in 
the  sample.  The  analysis  on  the  supernatant  showed  that  it  consisted  primarily  of  BaCO,  and 
YjBaCuO,  with  some  traces  of  YBajCujO,.,.  The  diffraction  patterns  for  the  three  sample 
sintered  at  875  *C  were  almost  exclusively  YBajCu,©,.,,  however,  the  sample  sintered  for  ninety 
minutes  also  contained  YjBaCuO,.  This  may  have  been  caused  by  localized  melting  within  the 
sample  as  the  microwave  field  is  not  perfectly  uniform. 

Micrographs  of  the  sample  sintered  for  ninety  minutes  at  875  X  arc  shown  in  figure 
3.  Quantitative  microscopy  performed  on  the  specimens  show  that  the  porosity  is  slightly  higher 
in  the  center  of  the  samples  sintered  for  short  times.  All  of  the  samples  sintered  at  875  °C  had 
a  much  lower  porosity  than  the  unsintered  sample.  This  suggests  that  significant  sintering  occurs 
at  8765  °C  even  at  times  as  short  as  fifteen  minutes.  Figure  4  is  the  porosity  of  the  specimens 
sintered  at  875  'C  for  various  limes  with  respect  to  position  across  the  sample.  Similar  methods 
were  used  to  calculate  the  mean  grain  size  of  the  same  sampies.  Figure  5  plots  the  grain  size 
of  the  samples  sintered  at  875  '’C  for  various  times  with  respect  to  position  across  the  .sample. 
The  gram  size  appeared  relatively  uniform  across  each  of  the  samples  and  increased  with 
increasing  sintering  times.  Again,  comparing  these  results  to  the  unsinicrcd  sample,  there  was 
appreciable  gram  growth  even  at  the  shorresi  limes  examined. 

CONCLUSIONS 

YBajCujO,.,  superconductors  can  be  densified  significantly  at  a  temperature  of  875  'C. 
In  the  ranges  examined,  temperature  has  a  greater  affect  on  the  densification  of  the  samples  than 
the  sintering  times.  Uniform  grain  size  and  porosity  can  be  obtained  using  microwave  sintering 
for  specimens  up  to  five  millimeters  in  thickness. 
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Tabic  I.  Matrix  of  Samples  Testeti. 
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Figure  2.  Bulk  Density  versus  time  for  samples  sintered  at  various  temperatures. 


Figure  3.  SEM's  taken  through  the  thickness  of  the  sample  sintered  at  875  'C  for  90 

minutes,  a)  edge,  b)  center,  c)  edge. 
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ABSTRACT 

A  tunable  single  mode  (TMqj2)  microwave  cavity  was  designed  to  initiate  and 
sustain  a  plasma  for  sintering  ceramic  materials.  Almost  100%  of  the  incoming 
microwave  energy  could  be  coupled  to  the  plasma  under  optimal  tuning 
conditions.  An  optical  fiber  thermometer  was  us^  to  continuously  monitor  the 
temperature  of  alumina  specimens  during  plasma  sintering.  The  sintering 
temperature  and  resulting  density  of  the  specimens  were  dependent  on  gas  content 
at  constant  net  power  absorption. 


INTRODUCTION 


The  history  of  plasma  sintering  dates  back  to  1968,  when  Bennett  et.al.  first 
reported  developing  a  2.45  GHz  microwave-induced  plasma  heat  source  for 
sintering  ceramics.  [1]  Alumina  compacts  were  found  to  sinter  more  rapidly  in 
a  plasma  and  had  higher  densities,  greater  strengths  and  finer  grain  sizes  ^an 
conventionally  sintered  specimens.  Evidence  of  enhanced  densification  in  a 
plasma  also  was  observ^.[2]  Specimens  that  were  partially  sintered  in  a 
discharge  showed  a  negligible  increase  in  densification  upon  further  heating  in  a 
conventional  furnace  at  the  same  temperature.  However,  densification  would 
continue  when  the  same  specimen  was  reimmersed  in  the  plasma,  and  its  final 
density  would  be  equivalent  to  that  of  specimens  that  were  plasma  sintered 
continuously  for  the  same  amount  of  time.  These  results  suggest  that  a  plasma 
sintering  environment  may  be  more  than  a  simple  heat  source. 

i 
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Extensive  work  in  the  field  of  plasma  sintering  has  been  conducted  for  over  ten 
years  at  Northwestern  University.  Microwave  applicators  and  RF  and  DC  hollow 
cathode  plasma  devices  have  been  used  to  generate  plasma  discharges.  Rapid 
densification  rates  and  anomalous  heating  characteristics  were  reported. [3-S] 
Knowlton  first  showed  that  the  final  densities  of  RF  plasma  sintered  specimens 
were  strongly  related  to  the  amount  of  dopant  gas  present  during  sintering, 
whether  directly  added  to  the  plasma  or  injected  into  the  plasma  by  desorption 
from  the  surface  of  the  ceramic  powder  particles.  [6]  Chen  further  quantified 
these  results  and  reported  that  outgassed  alumina  specimens  did  not  show  any 
significant  amount  of  shrinkage  in  a  100%  argon  plasma,  but  could  be  heated  to 
sintering  temperatures  when  small  amounts  of  polyatomic  gases  such  as  N2,  O2, 
H2  and  H2O  were  added  to  the  argon. [7]  The  net  power  consumption  of  the 
plasma  could  not  be  accurately  determined  for  these  experiments. 

The  present  work  was  undertaken  to  further  investigate  the  effects  of  plasma 
composition  on  microwave  induced  plasma  heating  of  alumina.  A  tunable  single 
mode  (TMqj2)  resonant  cavity  that  had  on-line  power  monitoring  and  tuning 
capabilities  was  designed  and  implemented  for  the  microwave  plasma  sintering 
studies.  It  has  been  noticed  that  a  microwave  discharge  takes  on  a  shape  related 
to  the  filled  pattern  of  its  electromagnetic  mode.  [8]  The  TMoj2  mode  was  chosen 
because  the  electric  field  lines  run  parallel  to  tlie  coaxial  plasma  tube. [9] 

EXPERIMENTAL 

The  single  mode  (TM012)  tunable  cylindrical  resonant  cavity  used  as  the 
microwave  plasma  sintering  apparatus  was  designed  in  accordance  with  the 
descriptions  published  by  Asmussen.[8]  A  schematic  representation  is  shown  in 
Figure  1.  The  adjustable  movable  plate  short  r'  the  cavity  served  two  purposes: 
tuning  the  TM012  mode  and  improving  impedar.;;  e  matching  with  the  plasma.  A 
coaxial  launch  probe  assembly  was  used  to  transmit  2.45  GHz  microwave  power 
into  the  cavity.  Both  the  insertion  depth  of  the  probe  into  the  cavity  and  the 
position  of  its*  short  circuit  could  be  individually  adjusted  to  optimize  tuning  of 
the  system.  The  40  mm  I.D.  fused  quartz  plasma  tube  was  cool^  by  compressed 
air  and  the  outer  brass  walls  were  water  cooled.  A  microwave  power  directional 
detector  was  used  to  continuously  monitor  power  absorption  into  the  cavity. 

The  alumina  specimen  configurations  were  used  in  this  study  were  4  mm  diameter 
X  150  mm  rods  and  thimble  shaped  specimens,  8  mm  ID,  1 1  mm  OD  and  10  mm 
high.  All  specimens  (30  m^/g  alumina*  with  3%  polyvinyl  butyral  binder)  were 
isostatically  pressed  and  pre-sintered  at  650‘’C  in  air  to  bum  out  the  binder.  Both 
types  of  specimens  were  held  stationary  in  the  cavity,  with  the  rods  extending 


*  Baikowski  CR30,  Baikowski  International  Corp.,  Charlotte,  NC  28210 
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along  most  of  the  length  of  the  cavity  and  the  thimbles  rested  inverted  in  the 
center  of  the  plasma  on  the  end  of  a  single  crystal  sapphire  tube*.  An  optical 
fiber  thermometer**  (OFT)  lightpipe  sensor  was  insert^  into  the  interior  of  the 
thimble  to  provide  temperature  re^ings. 
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The  sintering  runs  for  all  specimens  began  by  subjecting  them  to  a  low  power 
argon  plasma  to  drive  off  adsorbed  gases  from  ^e  powder  particle  surfaces 
without  causing  sintering.  Gas  composition  and  flow  rates  were  adjusted  and  the 
power  and  pressure  were  brought  up  to  their  worldng  levels  to  initiate  sintering. 

The  alumina  rods  were  plasma  sintered  with  varying  amounts  of  nitrogen  or 
oxygen  in  argon.  The  sintering  conditions,  which  were  constant  for  all  runs, 
were  475  W  net  power  absorbed,  14  kPa  totd  pressure,  10  ml/min  STP  total  gas 
flow  rate,  and  S  minute  soak.  The  diameters  of  the  rod  specimens  were  measured 
before  and  after  sintering  as  a  function  of  position  in  the  cavity.  Using  the  OFT, 
the  same  time/temperature  profile  was  reproduced  under  different  plasma  gas 
conditions  for  the  thimble  experiments.  Here  the  flow  rate  was  fixed  at  2.5 
ml/min  STP  at  a  pressure  of  15  kPa.  The  final  densities  of  the  specimens  were 
determined  by  Archimedes’  method. 

RESULTS  AND  DISCUSSION 

Initial  experiments  showed  that  under  optimal  tuning  conditions  essentially  100% 
of  the  forward  power  could  oe  coupled  to  the  plasma.  Certain  plasma  operating 
conditions  resulted  in  the  melting  of  quartz  and  alumina  after  tuning. 

The  normalized  final  shrinkage  of  plasma  sintered  alumina  rods  as  a  function  of 
position  in  the  cavity  is  shown  in  Figures  2  and  3.  Rods  sintered  in  a  100% 
argon  plasma  showed  no  evidence  of  densification  with  the  same  net  power  that 
caused  shrinkage  with  diatomic  molecules  present.  As  the  overall  content  of 
diatomic  gas  in  the  source  gas  was  raised,  the  shrinkage  of  die  rods  increased. 
The  length  of  the  plasma  hot  zone  was  approximately  constant  regardless  of 
diatomic  gas  content.  The  enhanced  heating  effects  may  be  attributed  to  the 
additional  heating  modes  of  diatomic  gases  (atomic  recombination).  The 
maximum  temperature  (maximum  shrinkage)  position  was  located  in  line  with  the 
coaxial  probe,  rather  than  at  the  center  of  the  cavity  as  expected  for  the 
undistorted  TMqj2  n.c'iz. 

Figures  4  and  5  show  the  relative  density  and  normalized  shrinkage  of  the 
sintered  rods  as  a  function  of  diatomic  gas  content.  At  low  percentages,  oxygen 
provided  greater  densities  and  shrinkage  rates  than  nitrogen  for  the  same  volume 
content  and  same  net  power.  At  higher  levels  the  densification  effects  of  both 
gases  converged. 

Figures  6  and  7  show  the  time-temperature  profiles  of  thimble  specimens  sintered 
in  a  variety  of  plasmas.  A  summary  of  the  operating  conditions  and  resulting 
thimble  densities  can  be  found  in  Table  1.  As  expected,  more  net  power  was 
required  to  bring  the  lower  diatomic  gas  levels  to  the  same  temperatures  as  for 
the  higher  quantities.  Plasma  source  gases  doped  with  nitrogen  required  greater 
overall  net  power  levels  to  reach  the  same  temperature  as  those  doped  with 
oxygen.  A  significant  increase  in  density  was  seen  with  the  50%  nitrogen 
sintered  thimbles. 
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Fig.  S.  Normalized  ir-aximum  diametral  shrickage  of  plasma  sintered  alumina  rods  as 
a  function  of  diatomic  gas  content. 


Fig.  6.  Indicated  temperature-time  profiles  of  alumina  thimble  specimens  sintered 
under  different  oxygen  gas  contents.  Label  letters  refer  to  Table  1.  Low 
power  was  applied  first  to  remove  adsorbed  gases  trom  the  specimen. 


Fig.  7.  Indicated  temperature-time  profiles  of  thimble  specimens  sintered  under 
different  nitrogen  gas  contents.  Label  letters  refer  to  Table  1. 
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Table  1.  Time-Temperature  Thimble  Runs 


After  the  present  work  was  completed,  Hansen  observed  that  the  OFT  reads  a 
temperature  that  is  biased  to  significantly  lower  values  because  of  translucency 
of  the  thimble  specimens  at  the  wavelength  of  radiation  sampled  by  the  OFT.  [10] 
While  the  temperatures  shown  in  Figures  6  and  7  are  substantially  below  the  true 
temperatures,  it  is  reasonable  to  suppose  that  the  error  is  approximately  the  same 
for  all  specimens  since  they  do  not  differ  greatly  in  density  (and  therefore 
translucency). 

CONCLUSIONS 

The  single  mode  (TMojj)  tunable  resonant  cavity  was  shown  to  be  a  viable  means 
for  microwave-induced  plasma  sintering.  Advantages  of  this  system  include  real¬ 
time  monitoring  of  the  net  power  absorbed  by  the  plasma  and  tuning  capabilities 
to  optimize  power  coupling.  Sintering  studies  with  alumina  showed  that  the 
previously  recognized  enhanced  sintering  characteristics  in  diatomic  gases  were 
not  a  function  of  power  absorbed  by  the  plasma,  but  rather  depended  upon  the 
chemical  composition  of  the  plasma. 
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ULTRA"  HIGH-TEMPERATURE  MICROWAVE  SINTERING 


C  E  Holcombe  tnd  N.  L  Dykes 

Oak  Ridge  Y-12  Plant,"  P.O.  Box  2009,  Oak  Ridge,  Tennessee  37831,  USA 
ABSTRACT 

"Ultra*  high-temperature  microwave  processing,  utilizing  temperatures  over  1900*  C,  is 
addressed.  Primary  areas  of  concentration  involve  titanium  diboride  (TiB,  *  3  wt%  CrB}) 
and  boron  carbide  (B4C  -US  wt%  Q.  Using  2.45  GHz  radiation,  high-density,  crack-free 
specimens  can  be  produced.  The  importance  of  "casketing*  and  coverings  along  with 
material  interactions  is  discussed.  Comparison  of  microwaving  with  conventional  sintering 
or  hot-pressing  indicates  that  mkrowaving  may  be  advantageous. 

INTRODUenON 

If  the  area  of  "ultra*  high-temperature  microwave  processing  is  defined  as  a  1900*  C,  then 
only  a  few  materials  are  expeaed  to  require  such  temperatures  for  sintering.  Oxides  and 
nitrides  do  not  need  such  high  processing  temperatures.  However,  several  borides,  carbides, 
and  refraaory  metals  require  such  conditions.  Examples  are  B,C,  TiBj,  ZrB^  HfB^  AIB,^ 
LaB,,  SiB„  SiC,  SiB,C,  TaC,  "HC  WC  W,  and  Ta.  TTic  primary  areas  of  this  investigation 
have  been  TIB,,  and  B^C  These  nonoxides  have  attractive  properties,  including  high 
hardnesses,  high  melting  points  (2300*  to  3000*  Q,  and  electrical  conduaivity. 
Additionally,  TiB]  and  B,C  have  interesting  commercial  uses  as  cutting  tools,  armor,  wear 
components,  liners,  nozzles,  electrodes,  and  evaporation  boats.  Therefore,  these  microwave 
p.joessing  investigations  utilizing  "ultra*  high  temperatures  have  evolved  from  sintering 
studies  of  these  nonoxides 

The  primary  considerations  ''f  "ultra*  high-temperature  processing  of  conoxides  are 
(I)  equipment  (appLcaior  cavity  with  2.45  GHz  capability  and  appropriate  variable  power 
level,  with  inert  gas  astl/or  vacuum  capability),  (2)  "casketing*  or  insulation  arrangement 
(an  area  that  has  been  discussed  in  detail  elsewhere'  but  which  cannot  be  overstated  in 
importance  and  will  be  mentioned  throughout  this  report).  (3)  material  interaaions  with 
ea^  other  and  with  the  applied  microwave  field,  and  (4)  the  characteristics  of  the  material 
being  sintered  (surface  impurities,  degree  of  agglomeration,  overall  purity,  etc). 


"Managed  by  Manin  Marietta  Energy  Systems,  Inc.  for  the  United  States 
Department  of  Energy. 
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DISCUSSION 


The  equipment  used  for  this  study  is  the  third  generation  of  microwave  furnace  that  has 
evolved  and  is  shown  in  Figure  1  Figure  1  (a)  shows  the  front  view  with  two  Cober 
Electronics  Co.  2.45  GHz  microwave  generators  with  adjustable  6  kW  power  output,  thus 
totaling  12  kW  capability;  high-vacuum  equipment  can  also  be  seen.  Figure  1(b)  shows  the 
door  to  the  applicator  cavity  along  with  the  waveguide  entrances  on  either  side  of  the  ca^  ity 
and  the  mode  stirrer. 

Figure  2  shows  the  sequence  of  processing  where  the  ‘casket*  is  readied,  the  optical 
pyrometer  is  used  for  temT).'rature  measurements,  the  2200*  C  specimen  is  observed  through 
the  viewport  (protected  with  a  grid  to  prevent  microwave  leakage),  and  the  'casket* 
exterior  becomes  hot  after  20  minutes  at  2200*  C  The  point  at  which  the  exterior  becomes 
over  red  (over  800*  C)  heat  generally  determines  the  run  time,  since  additional  power  or 
time  heats  tne  'casket*  mere  than  the  sample. 


Figure  1.  Mioowave  equipment:  (a)  front  view,  (b)  door  to  applicator  cavity. 
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Rgure  3  siiows  an  assortment  of  shapes  of  TiBj  -  3  wt%  CrB,  specimens  that  were 
microwave  sintered.  The  work  with  this  material  has  been  presented  in  detail  elsewhere.^ 
The  interesting  observation  was  that  the  material  actually  contained  s8  wt%  yttrium- 
titanium  oxide  when  contained  in  an  yttria  grit  "casket*  and  processed  at  1900  to  2100"  C 
to  yield  a95%  dense  specimens. 

A  "casketing*  scheme  of  special  coverings  was  devised’  to  eliminate  the  yttria  infiltration 
so  that  a  comparison  could  be  made  with  conventional  processing  of  TiB,  -  3  wt%  CrBj. 
The  densities  achieved  are  shown  in  Figure  4.  A  "microwave  effect'*  of  enhanced  sintering 
occurs  with  this  material  since  the  covered  (yttria-free)  specimen  sintered  to  94%  of 
theoretical  density  at  1900  C  Higher  temperatures  only  lead  to  grain  growth  with 
microwaving  whereas  with  conventional  sintering  still  leads  to  increased  density  specimens. 
Physical  properties  of  these  materials  are  shown  in  Table  1.  Microwaving  lead  to  higher 
densities  with  reduced  fi^acture  toughness  when  no  yttria  was  present.  However,  the  yttria 
contamination  that  occurs  when  samples  are  not  covered  is  beneficial’  in  yielding  reduced 
grain  size,  higher  hardnesses,  higher  densities,  and  somewhat  higher  fracture  toughnesses  as 
compared  to  yttria-free  microwaved  or  conventionally  sintered  material. 


I  “2.5  cm  “I 
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This  study  of  boron  carbide  microwave  sintering  arose  from  early  work**^  on  its  microwave 
absorption.  Pressureless  sintering  of  B4C,  conventionally  and  with  miaowaves,  has  been 
reported.*’"’  Initially,  oar  study  involved  two  powders  (Grades  D  and  E),  with  the  material 
characterization  given  in  Table  2,  repcned  previously.”  Both  grades  of  B4C  consisted  of 
spherical  agglomerates  (approximately  1(X)  micrometer  spheres,  mostly  comprised  of  1-3 
miCTometer  particulates). 

An  initial  sintering  study  with  small  pellets  involved  comparing  the  B4C  powders  with 
different  additives  and  with  a  boiling  water  treatment,  whereby  powders  were  contacted  with 
boiling  water  for  3  hours  followed  by  drying  and  then  blending  under  rapid  agitation  with 
methyl  alcohol  followed  by  filtering.  The  addition  of  3%  carbon  derived  from  *Varcum‘' 
furan  resin  was  accomplished  by  dissolving  the  lesin  ir  acetone,  slurry-coating  the  powder, 
drying,  pressing  intJ  a  pellet,  curing  in  air  to  200“  C,  and  then  heating  to  1000  to  1100*C 
in  argon  j  thorough^  outgas  the  pellets  before  sintering.  The  carbon  yield  of  the 
"Varcum"  was  31.1%. 


lUrlc  L  Pt^sical  properties  of  TIB;-  3%  CrBj  specimens 

1900*0.30  mm _ 2100  *0.30  mm _ 
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The  effect  of  the  additives  is  shown  in  Figure  5.  Note  that  Grade  D  .•'Tj  der  consistently 
yielded  smaller  grain  sizes.  The  3%  carbon  and  boiling  water  treatment  .se  most  effective 
for  sintering  the  B^C  Although  Table  2  shows  that  fluorine  was  below  S')  wppm  and  thus 
not  reported,  surface  examination  of  both  Grades  D  and  E  powders  rev  ealed  iluorine  species. 
Electron  spearoscopy  for  chemical  analyses  (ESCA)  determined  that  the  boiling  water 
treatment  removed  much  of  the  fluorine  contamination,  leaving  a  surfoce  of  mostly  carbide 
and  some  nitride. 

All  the  pellets  of  B^C,  except  those  with  the  carbon  additive,  cracked  somewhat  during 
processing.  Therefore,  the  further  studies  utilized  boiling-water-treated.  Grade  D  B^C  with 
carbon  additive. 

Tests  were  conducted  to  determine  if  coatings  or  coverings  could  prevent  the  contamination 
of  B4C  pellets  fro  m  the  ‘casketing*  material  while  microwaving.  Combinatioas  of  painted 
coatings  utilizing  a  polyvinyl  acetate/chloride  solution,  9.5%  PVAC  in  methylethylketone 
(MEK)  carrier,  as  a  binder  were  studied. 


*ai,  WMiw 

Figure  5.  Effect  of  treatment  and  tulditivcs  on  the  microwave  densification  of  boron 
carbide. 

The  best  system  utilized  a  covering  of  Grafoil'  glued  onto  a  pressed  pellet  with  the 
PVAC/MEK  binder.  Paints  using  boron  nitride  (25  g  per  75  g  of  binder),  tungsten  (100  g 
per  25  g  of  binder),  or  niobium  (50  g  per  10  g  of  binder)  were  used  in  various  combinations. 
The  layers  of  Grafoil  were  peculiar  in  their  effect  on  the  B,C  heatability.  Figure  6  compares 
the  heatup  of  the  yttria  grit  insulation  alone  with  a  pellet  of  B4C  that  was  coated  with 
Gi-afoil  only,  and  a  pellet  of  B,C  coated  with  a  combination  of  Grafoil  and  a  tungsten  outer 
layer.  The  latter  covering  system  produces  the  highest  temperature  and  allows  it  to  be 
maintained  for  considerable  time. 

Further  testing  with  layering/coatings  lead  to  the  system’  shown  in  Figure  7.  This  system 
coitsistently  allowed  the  high  temperatures  to  be  attained  and  maintain .  vhile  preventing 
contamination  of  the  B^C  by  the  yttria  insulation  'casket.* 


'Produced  by  Union  Carbide  Corp.,  Lakewood,  OH. 
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Figure  6.  Tests  with  *Caskcts  for  Higher  Microwave  TemperatDTes  and  Speciinen  Purity.* 


Figure  7.  Layering  system  for  microwaving  boron  carbide  that  prevents  reaction  with  yttria 
grit  insulation  and  yet  allows  microwave  transmission. 

There  is  always  some  question  regarding  temperature  measurements  in  high-temperature 
processing  experiments.  With  ‘ultra*  high-temperature  microwaving  utilizing  a 
multilayered  covering,  there  is  additional  concern  as  to  the  temperature  uniformity  and  to 
the  actual  temperature  reached  by  the  specimen.  Thus,  a  ‘casket*  was  arranged  for  a 
‘Hole  Experiment*  utilizing  the  multilayered  coverings  shown  in  Figure  7.  The  “casket* 
setup  is  shown  in  Figure  8,  whereby  the  temperatures  of  individual  layers  and  of  the  interior 
of  the  pellet  can  be  monitored. 

The  temperature  versus  time  thermal  profile  for  a  small  B^C  -  2.5  wt%  C  (derived  from  8 
wt%  ‘Varcum*)  pellet  is  shown  in  Figure  9.  The  outer  tungsten  layer  initially  heats  up 
considerably  faster  than  does  the  B,C  -  Z5  wt%  C  pellet  The  Grafoil  heats  up  rapidly  also, 
trailed  by  the  B,C  -  2.5  wt%  C  pel'et  After  a  few  minutes  above  1900*  C,  the  B,G  -  2.5  wt% 
C  pellet  heats  up  preferentially  over  the  encapsulating  materials.  At  the  end  of  this  run,  the 
power  level  was  rapidly  increased  to  see  the  effea:  the  exterior  layers  increased  in 
temperature  rapidly  but  the  interior  of  the  B4C  -  2.5  wt%  C  pellet  only  slightly  increased. 
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Figure  9.  thermal  profile  for  a  multilayer  covered  B4C-23%C  pellet  (234  cm 

diameter,  \jn  cm  height  initially,  12.Pg.)  while  microwaving. 

Further  'Hole  Experiments"  utilizing  a  niobium  outer  layer  showed  the  B4C  -  2.5  wt%  C 
pellet  to  reach  2200*  C  while  the  outside  was  approximately  2120*  C.  The  outside 
temperature  of  the  niobium  has  never  reached  2200°  C  with  several  tests,  nor  has  the  B4C  - 
25  wt%  C  pellet  temperature  ever  exceeded  2230*  C.  Therefore,  there  appears  to  be  an 
upper  limit  on  the  B4C  -  2.5  wt%  C  pellet  tempteratures  achievable  with  2.45  CHz  radiation. 

A  comparison  of  B4C  -  25%  C  processed  by  microwave  sintering,  hot-pressing,  and 
conventional  sintering  was  initiated.  Large  pellets  (approximately  6.4  cm  D  x  1.3  cm  H  or 
25  in.  D  X  0.5  in.  H)  were  unidiremionally  pressed  at  28.1  MPa  or  4075  psi,  leading  to 
pressed  densities  of  approximately  50%  of  theoretical  density.  All  pellets  were  encapsulated 
in  a  multilayered  wrapping  and  sintered  at  2200*  C  for  1  hour  in  argon.  Hot-pressing 
utilized  13.8  MPa  (2000  psi)  and  the  pellet  was  pressed  in  a  carbon  pack. 

The  thermal  profile  for  the  microwaved  large  B4C  -  2.5  wt%  C  pellet  is  shown  in  Figure  10. 
The  niobium  outer  coating  reached  2200°  C.  The  actual  pellet  temperature  is  unknown, 
since  a  *hole°  for  reading  the  temperature  would  have  badly  contaminated  the  specimen. 
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However,  the  actual  pellet  temperature  is  expected  to  be  approximately  2200  to  2230*  C, 
siace  those  are  the  highest  temperatures  observed  with  'Hole  Experiments.'  Figure  11 
shows  the  large  miaowave-sintered  B,C  -  2.5  wt%  C  pellet  before  and  after  processing. 


0  20  40  60  BO  too  120 


TIMC  (rruml 

Figure  10.  Temperature  versus  time  for  large  multi-layer  covered  (niobium  outer  layer) 
B4C-2.S%C  pellet  (63S  cm  diameter,  1.4  cm  height  initi^,  59.1  g). 

All  the  pellets  were  analyzed  for  impurities.  Yttrium  levels  were  175,  130,  and  70  wppm 
respeaively  for  microwaving,  hot-pressing,  and  conventional-sintering;  contamination  during 
milling  of  the  carbon  additive  is  expeaed  as  the  yttrium  source  since  all  three  methods  lead 
to  the  low-level  contamination,  still  considerable  when  compared  to  the  <  1  wppm  of  the 
Grade  D  starting  materiaL  The  average  niobium  levels  were  all  below  50  wppm.  Other 
minor  impurities  (up  to  around  50  wppm)  of  calcium,  titanium,  iron,  and  hafoium  occurred. 
The  overall  purity,  boron  plus  carbon,  of  the  three  pellets  prepared  by  microwaving,  hot- 
pressing,  or  conventional  sintering  was  >99.95  wt%. 


B4C  -  2.5  wt%  C.  AS-PflESSaO 


Figure  IL  Large  pelkt  before  and  after  processing. 
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The  microstructures  of  the  three  specimens  are  illustrated  in  Hgure  12  (utilizing  the  etch 
technique  of  Katz  et  al.).*  The  average  particle  sizes  were  much  larger  for  microwaved 
material  than  for  conventionally  sintered  or  hot-pressed  material;  otherwise,  the  structures 
are  very  similar.  A  comparison  of  the  three  specimens  by  scanning  electron  microscopy  of 
fracture  surfaces  (Figure  13)  again  shows  the  similarity  of  the  structures  except  for  density 
and  particle  size. 


POUSHED  a  ETCHED 


Hgnre  12.  Mkioatnacdne  at  ipedtacas  pnoesaed  with  difSeient  techniques. 
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Figure  13.  Fracture  surfaces  of  specimens  processed  with  different  techniques. 

Physical-chemical  properties  of  the  large-sized  B,C  -  2.5  wt%  C  specimens  prepared  by 
microwaving,  hot-pressing,  and  conventional  sintering  are  shown  in  Table  i.  Acoustic 
property  measurements’^  were  used  to  determine  Young’s  modulus  and  Poisson’s  ratio. 
Miao-indentation  hardness  and  fracture  toughness  measurements  were  determined  on 
polished,  unetched  specimens,  using  the  method  described  by  Evans.  “  Chemical  purity  was 
determined  by  spark  source  mass  spectrometry  (SSMS).  Average  grain  size  was  derived  from 
counting  techniques,  and  percent  theoretical  density  was  determined  hrom  mercury 
porosimetry  results. 
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Td>k3.  Properties  of  boron  caibide-iLS%caibonspcci]neiis 
(2200  C,  1  h,  argon) 

CONVENTIONAaY 


MICROWAVED 

HOT-PRESSED 

(a*  13.8  MPa  or  2  Ksi) 

SINTERED 

YOUNG'S  MODULUS 
(GPa) 

azi 

361 

140 

POISSON'S  RATIO 

0.22 

0.23 

0.20 

FRACTURE  TOUGHNESS 
(MPa*  mi/2) 

4.2 

3.3 

VICKER'S  HARDNESS 
(GPa,  USING  6.8  Kg  LOAD) 

5 

17 

4 

AVERAGE  GRAIN  SIZE 
(MICRONS) 

17 

4 

8 

%  THEORETICAL  DENSITY 

SSMS  ANALYSES 

83 

93 

70 

Y.wppm 

175 

130 

70 

Nb.  vippm 

10 

15 

40 

TOTAL  PURITY  (%) 

99.95 

99.96 

99.97 

Sonic  moduli  and  Poisson’s  ratios  were  highest  for  hot-pressed  specimens  followed  by 
microwaved  and  then  conventionally  fumaced  specimens.  Comparison  of  microwave-sintered 
and  hot-pressed  B4C  •  2.5  wt%  C  specimens  using  indentation  fracture  toughness 
measurements  indicates  r  25%  greater  toughness  for  the  microwaved  material.  The 
mechanical  properties  determined  for  the  hot-pressed  B^C  -  2.5  w:%  C  (i.e..  Young’s 
modulus  and  ftaaure  toughness)  compare  very  closely  to  values  recently  reported*  for  similar 
density,  pressureless-sintered  specimens  of  the  same  composition.  Furthf '  work  is  necessary 
with  denser  microwaved  specimens  to  substantiate  the  observed  apparent  increase  in  franure 
toughness. 

Microwaving  at  2.45  GHz  and  other  recent  work”  indicates  that  temperatures  over  2200°  C 
are  necessary  tc  achieve  densities  over  90%  of  theoretical  with  boron  carbide.  Higher- 
density  microwaved  specimens  of  boron  carbide  may  be  achieved  by  producing  higher 
temperatures  through  layering  or  "casketing*  schemes,  by  vacuum  microwaving  (since 
vacuum  conventional-sintering  yields  improved  densification),'*  by  use  of  low-level  additives 
such  as  silicon  carbide,*  by  particle  deagglomeration  or  oxygen  scrubbing  to  change  surface 
properties  or  to  activate  the  particle  surfaces,  or  by  varying  the  microwave  frequency.  One 
experiment  using  28  GHz  radiation  (with  ’casketing*  as  used  with  2.45  GHz  radiation)  has 
indicated  the  possibility  of  improved  der.sification  of  boron  carbide.  Additionally,  a  vanable- 
frequcncy  (4^  GHz  with  a  2  kW  capability)  microwave  applicator  is  currently  being 
assembled  for  testing  with  several  refractory  materials  including  boron  carbide. 

How  high  a  temperature  can  one  achieve  with  microwaving?  Figure  14  shows  a  boron 
nitride  crucible  that  contained  molten  yttria  (mp  =  2410*  C):  the  boron  carbide  pellet 
floated  up  and  the  Grafoil  coverings  separated  and  floated.  There  may  be  ways  to  achieve 
even  higher  temperatures,  and  more  work  is  needed  in  this  area. 
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Figure  14.  Melted  yttria  grit  inside  a  boron  nitride  cmdble  containing  a  boron  carbide 
specimen. 


C»NCl,USION 

‘Ultra*  high-temperature  microwave  sintering  at  temperatures  over  1900*  C  can  be 
accomplished  through  appropriate  ‘casketing*  and  addressing  materials  interactions.  For 
titanium  diboride  and  boron  carbide,  microwave  sintering  appears  to  offer  advantages  over 
conventional  sintering  or  hot-pressing-including  fabrication  speed  and  possibly  superior 
properties.  Additional  work  is  required  to  further  define  advantages  of  microwaving  and  to 
consistently  produce  higher  density  and  larger  specimens. 
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MICROWAVE  SYNTHESIS  OF  METAL  CARBIDES 
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Microwave  heating  of  metal  oxide /graphite  or  glassy  carbon  powder  mixtures  was 
carried  out  in  Ar,  utilizing  a  commercial  microwave  oven  operated  at  2.45  GHz  and 
700  W.  Temperatures  of  up  to  1400  -  1500  °C  could  be  obtained  within  13  min, 
and  SiC,  TiC,  NbC  and  TaC  were  formed  within  20  min.  This  method  was  also 
shown  to  offer  a  new  process  for  producing  SiC  whiskers.  Not  only  the  amount  of 
carbon  but  also  the  compactness  of  the  starting  powders  was  found  to  be  essential 
forbearing  efficiency. 

INTRODUCTION 

Many  metal  carbides  have  promise  as  high  temperature  strucniral  materials 
because  of  their  extremely  high  mechanical  strengths,  melting  points  and  corrosion 
resistance.  Metal  carbides  Have  been  prepared  by  carbothermal  reduction  of  metal 
oxides,  direct  reaction  betw».  en  metal  elements  and  carbon,  and  gas  phase  reaction 
of  metal  halides  and  appropriate  hydrocarbons’.  On  an  industrial  scale, 
carbothermal  reduction  of  metal  oxides  is  the  most  promising  route  due  to  the  low 
raw  materia's  cost.  However,  reaction  temperatures  for  this  route  are  generally 
high.  Temperatures  as  high  as  22^0  •  2600  “C  are  needed  for  production  of  SiC 
and  1700  -  2100  "C  for  TiC^.  If  energies  consumed  in  furnace  operation  are  too 
high,  development  of  new  technologies  for  saving  energy  might  be  a  very  important 
issue  for  the  industrial  production  of  carbides.  Another  e  ssential  topic  is  a 
processing  of  carbide  whiskers,  which  are  used  to  toughen  ceramic  composites. 
There  have  been  several  methods  used  to  prepare  SiC  whiikers,  such  as 
vaporization  and  deposition  of  SiC  at  high  temperatures  under  reduced  pressure^, 
reductive  decomposition  of  methylchlorosilane'*,  thermal  decomposition  of  rice 
huns5>6,  and  vapor-liquid-solid  (VLS)  process  where  silica  is  reduced  and  reacted 
with  methane  in  conu  ct  with  iron  powders^. 

Recently  the  use  of  microwave  energy  has  been  attracting  significant  attention 
as  a  way  of  processing  ceramic  materials.  One  of  the  most  important  reasons  for 
this  is  significant  reductions  in  manufacturing  costs  due  to  energy  savings  and 
shorter  processing  times*.  Heating  by  microwave  takes  place  through 
transformation  of  the  electromagnetic  energy  into  thermal  energy  via  absorption  of 
microwave  by  microwave-suscep»ible  components.  This  is  particularly  important 
bccauae  microwaves  can  penetrate  powders  instantaneously  whereas  in  conven¬ 
tional  heating,  heat  transfer  is  very  slow  for  powder  compacts.  Hence  int  mal  and 
volumetric  heating  of  the  materials  is  possible  and  the  energy  conversion  effeciency 
is  thought  to  be  higher  than  that  through  conventional  furnace  heating. 

In  the  present  study,  the  authors  attempted  to  synthesize  metal  carbides  from 

*  Present  address;  Institute  for  Chemical  Research,  Kyoto  University,  Uji,  Kyofo-Fu  61  i  Japan. 
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metal  oxide/caibon  powder  mixtures  using  a  commercial  microwave  oven,  in 
order  to  evaluate  the  possibility  of  carbide  production  by  microwave  processing. 

EXPERIMENTAL 

For  the  C/Si02  mixtures,  reagent  grade  quartz  powders  (-325  mesh)  or  silica 
gel  powders  (60-200  mesh),  and  graphite  powders  (-300  mesh)  or  spherical  glassy 
carimn  granules  (3-12  pm  in  diameter)  were  used.  For  the  C/ri02,  G'Nb205  and 
0Ta205  mixtures,  graphite  powders  and  reagent  grade  of  Ti02,  Nb205  and  Ta205 
powders  were  used.  Mole  ratios  of  carbon  to  metal  oxides,  batch  weight  and 
volume,  and  batch  carbon  content  are  shown  in  Table  1.  The  powder  mixtures 


Table  1  Powder  mixtures  used  in  the  present  microwave  processing. 


Metal 

oxide 

Carbon 

Mole  ratio 

Weight 

(g) 

Volume 

(cm^) 

Carbon 
content  (g) 

For  C/Si02 

Quartz 

Graphite 

CySi02 

10.0 

11.0-  13.5 

1. 2-4.4 

-0.7-4 

15.0 

11.0-  13.5 

1.9-6.7 

Quartz 

Glassy  carbon 

CySi02=3 

10.0 

■  12.5 

3.7 

Silica  gel 

Glassy  carbon 

C/Si02=3 

8.0 

12.5 

3.0 

ForC/n02,  C/Nb205'and  C/ra205 

Tt02 

Graphite 

C/Ti02-3 

8.2 

16.5 

2.6 

Nb205 

Graphite 

C/Nb205-  7 

13.0 

16.5 

3.1 

Ta205 

Graphite 

Cyra205-7 

15.0 

16.5 

2.4 

388 


Microwaves 


were  put  in  a  clay  cnicible  of  25  mm  in  bottom  diameter,  4 1  mm  in  top  diameter,  43 
mm  in  height  and  3  mm  in  thickness,  which  was  placed  in  an  insulator  made  of  fire 
bricks  and  ceramic  wool  and  having  a  window  for  observation  at  the  center  of  the 
powder  for  temperature  measurement  by  optical  pyrometery  as  illustrated  in  Fig.  1. 
This  was  then  placed  in  a  plastic  bell  jar,  in  which  Ar  was  passed,  and  put  in  the 
cavity  of  a  commercial  microwave  oven  (General  Electric  Co.  Model  JE  1453H) 
operated  at  2.45  GHz  and  700W.  Temperature  was  measured  using  Mikron  M77S 
2-color  optical  pyrometer.  Phases  in  the  products  were  identified  by  powder  X-ray 
diffraction  measurement  using  Cu  Ko  radiation. 

RESULTS 

Formation  of  silicon  carbide 

Formation  of  SiC  from  the  mixtures  of  quartz /graphite,  quartz/glassy 
carbon  and  silica  gel  /  glassy  carbon  was  observed  within  15  min  of  microwave 


10  20  30  40  50  60  70  10  20  30  40  50  60  70 

Diffraction  angle  28  (degree)  Diffraction  angle  2  0  (degree) 

Figure  2  XRD  patterns  of  the  products  from  ..le  C/Si02  mixtures  of  R  =  3  heated  for  15  min. 

The  whole  (a)  and  the  central  part  (b)  of  the  10  g  quartz  /  graphite  mixtures,  and  the 
central  part  of  the  8  g  silica  gel  /  glassy  carbon  mixture  (c). 
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exposure.  Diamond  powder  was  tested  in  place  of  graphite  or  glassy  carbon  but  no 
heat  generation  was  found.  X-ray  diffraction  (XRD)  patterns  (Fig.  2)  of  the 
products  from  the  10  g  quartz /graphite  mixtrue  of  0^i02 mole  ratio  R  =  3  heated 
for  15  min  have  SiC  peaks  of  higher  intensity  for  the  inner  part  than  the  outer  part 
of  the  sample.  The  inner  portion  of  the  sample  was  lightly  green  in  color  whereas 
the  outer  portion  was  black,  gray  or  white.  The  main  SiC  phase  formed  was  p-SiC. 
The  green-colored  inner  part  of  the  product  obtained  from  the  silica  gel  /  glassy 
carbon  mixmre  had  dominant  SiC  XRD  peaks. 

The  10  g  powder  mixtures  of  quartz  /  graphite  of  R  =  3  and  4  showed  rapid 
temperature  increase  up  to  1400  -  1500  “C  within  4  min  as  shown  in  Fig.  3  (a). 
Temperamre  drops  observed  at  about  1400  “C  are  thought  to  be  due  to  the 
endothermic  reaction  of  Si02  +  3C  ->  SiC  +  2CO.  Heating  ability  of  the  mixtures 
is  reduced  with  decrease  in  the  graphite  content,  which  can  be  seen  in  the  time  - 
temperature  curves  for  the  powders  of  R  =  0.85  and  1. 

Graphite  content  dependence  of  the  heating  ability  changes,  however,  when 
the  starting  powder  mixture  is  pressed  to  give  denser  packing.  The  15  g  powders 
pressed  to  the  same  volume  as  the  10  g  powders  had  time  -  temperature  curves  as 
shown  in  Fig.  3  (b).  The  15  g  pressed  powder  mixture  of  R  =  0.7,  which  could 
not  be  heated  within  15  min  for  10  g  unpressed  state,  reached  1500  "C  in  1 5  min, 
and  that  of  R  =  1  reached  1500  °C  in  7  min.  As  seen  in  the  curves  for  R  =  3  and  4, 
however,  lower  heating  rates  were  observed.  There  was  no  SiC  formation  for  the 
pressed  samples  of  R  =  3  or  4. 

Scanning  electron  micrographs  reveal  the  formation  of  SiC  whiskers  of 
thickness  around  0.2  pm  from  quartz /graphite  mixtures  as  shown  in  Fig.  4  (a). 
Whisker  formation  was  also  observed  for  the  products  from  the  quartz /glassy 
carbon  mixtures.  When  silica  gel  was  used  as  the  Si  source,  however,  micrometer¬ 
sized  SiC  crystals  were  formed  instead  of  whiskers  as  shown  in  Fig.  4  (b). 


Figure  3  Time  -temperature  curves  of  the  10  g  unpressed  (a)  and  1 5  g  pressed  (b)  quartz  / 
graphite  mixtures. 


390 


Microwaves 


Figure  4  SEM  pictures  of  the  heated  products  from  the  quartz  /  graphite  (a)  and  silica  gel  / 
glassy  carbon  (b)  mixtures. 

Formation  of  titanium  carbide,  niobium  carbide  and  tantalum  carbide 

Figure  5  shows  XRD  patterns  for  the  products  obtained  by  heating  the 
mixtures  of  graphite  and  Ti02,  Nb205  and  Ta2C;  for  20  min.  Formation  of  TiC, 
NbC  and  TaC  is  seen  in  the  XRD  patterns.  Compared  with  the  XRD  pattern  of  the 
heated  product  from  the  quartz /graphite  mixture  shown  in  the  top  of  Fig.  2. 
relatively  higher  yield  of  the  carbides,  especially  for  NbC  and  TaC,  is  found  for 
these  metal  carbides.  Time  -  temiperature  curves  for  these  mixtures  shown  in  Fig.  6 
reveal  that  temperature  goes  up  to  1400  “C  within  7-13  min  and  the  maximum 
temperature  they  had  was  1400  -  1 500  °C. 

DISCUSSION 

Factors  affecting  the  microwave  heating  of  oxide /carbon  powder  mixtures 

Heating  of  carbon  particles  takes  place  via  the  Joule  effect  caused  by 
microwave-induced  electrical  current  in  the  panicles^.  Therefore  it  is  reasonable  to 
find  no  heating  for  non-conducting  diamond  powder.  Heat  generated  in  the  carbon 
particles  is  transferred  through  oxide  particles  and  pores,  but  because  of  the  low 
thermal  conductivity  of  the  oxide  particles  and  pores,  the  heat  can  be  trapped  at  the 
interface  of  the  carbon  /  oxide  or  carbon  /  pom  interface.  In  order  to  have  sufficient 
heat  generation,  however,  a  minimum  amount  of  carbon  powders  is  required  in  the 
batch,  which  is  shown  in  the  time  -  temperature  curv'es  of  the  10  g  quartz /graphite 
mixture  of  R  =  3  (Fig.  3  (a)). 

Skin  effect  should  also  be  taken  into  account.  Conductive  materials  have 
penetration  depth  d.  defined  as  the  depth  at  which  electromagnetic  field  strength 
decays  to  1/e  of  that  at  their  surface,  and  d  is  given  by 
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Figure  5  XRD  patterns  of  the  products  from  the  Cyri02  (a),  C/Nb205  (b)  and  C/Ta205  (c) 
mixtures  heated  for  20  min. 


Figure  6  Time  -  temperature  curves  of  the  GTi02,  C/Nb205  and  C/TaaOS  mixtures. 
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where  f  is  the  frequency  of  the  electromagnetic  field,  o  is  the  conductivity  and  n  is 
the  permeability  of  the  material^.  Conductivity  of  10^  fi'^cin'*,  which  is  the  case 
with  graphite  at  room  temperature,  results  in  d  =  30  [im  for  2.45  GHz  microwave, 
which  is  almost  the  same  order  as  the  size  of  the  graphite  powders  used  here.  For 
the  pressed  powder  mixtures  as  the  15  g  quartz  /  graphite  mixture  of  R  =  3,  it  is 
possible  that  some  of  the  graphite  particles  were  in  contact  with  each  other  to  form 
larger  agglomerates,  ancf  since  the  specific  surface  area  of  the  agglomerates  is 
smaller  than  that  of  non-agglomerated  particles,  the  volume  of  the  skin  per  unit 
weight  of  graphite  would  be  smaller.  This  effect  is  more  evident  for  mixtures  of 
higher  graphite  content.  As  a  matter  of  fact,  a  dense  graphite  piece  cannot  be  heated 
in  the  microwave  oven  and  it  just  reflects  the  microwave  to  cause  arcing.  This  is 
the  reason  for  the  decrease  in  heating  capability  for  the  15  g  quartz/ graphite 
mixtures  of  higher  graphite  content.  Similar  experimental  phenomena  were 
observed  in  copper/  alumina  and  chromium  /  alumina  mixtures,  where  copper  or 
chromium  particles  generate  heat  under  microwave  exposure^O. 

Formation  of  silicon  carbide  whiskers 

The  microwave  method  presented  here  is  a  new  process  for  preparing  SiC 
whiskers.  The  whiskers  are  thought  to  be  formed  through  vapor  phase  reaction, 
since  formation  of  droplets  on  the  tip  of  the  whiskers,  which  is  the  evidence  of 
vapor-liquid-solid  process*  • ,  could  not  be  found.  On  the  other  hand,  whiskers 
were  not  found  in  the  product  from  the  silica  gel  /  glassy  carbon  mixnire. 

Formation  of  glass  and  glass  melt  during  heating,  which  does  not  happen  for  quartz 
crystals  below  melting  point,  might  have  some  influence  on  the  final  microstructure 
of  the  product  from  the  gel  /carbon  mixnjre. 

Thermodynamic  consideration  on  the  metal  carbide  formation 

Free  energy  change  AG  at  various  temperatures  for  the  conversion  of  oxide/ 
graphite  mixtures  into  carbide /carbon  monoxide  mixtures  was  calculated  on  the 
basis  of  the  published  data  of  free  energy  of  each  component  *2,  and  the 
temperatures  where  AG  becomes  0  were  evaluated  (Table  2).  It  can  be  seen  that 


Table  2  Chemical  reactions  for  the  formation  of  carbides  and  temperatures 
where  free  energy  change  AG  becomes  0. 


Products 

Reaction  formula 

Temperature  of 
AG*0  (”C) 

p-SiC 

Si02  +  3C-»  SiC  +  2CO 

1520 

TiC 

Ti02  +  3C  -*  TiC  +  2CO 

1270 

TaC 

Ta205  +  7C-»  2TaC  +  5CO 

1110 

NbCo.98* 

Nb205  +  6.96  C  -  2NbC0.98  +  5CO  950 

*Free  energy  data  of  NbC  was  not  available  in  the  literature. 
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formation  of  NbC  and  TaC  is  possible  at  much  lower  temperature  than  SiC.  That 
must  be  the  reason  for  the  observation  of  the  higher  relative  intensity  of  the  XRD 
peaks  for  NbC  and  TaC.  Better  insulation  and  higher  power  of  microwave,  which 
enables  higher  temperature  achievement,  should  improve  the  yield  of  SiC. 

CONCLUSION 

SiC,  TiC,  NbC  and  TaC  could  be  produced  from  metal  oxide /carbon 
mixtures  under  microwave  exposure,  and  SiC  whiskers  were  found  to  be  formed 
from  quartz  /  carbon  mixtures.  For  the  mixtures  of  higher  carbon  content, 
compactness  of  the  powders  was  shown  to  decrease  the  heating  ability. 
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ABSTRACT 

Ultra-fine  SiC  powder  has  been  synthesized  by  the  carbothermal  reduction  of  silica 
by  microwave  and  conventional  firing  techniques.  Analysis  of  these  powders  by 
transmission  electron  microscopy.  Auger  electron  spectroscopy  and  X-ray 
diffraction  has  shown  the  formation  of  P-SiC.  The  ciystallitc  size  of  P-SiC 
produced  by  the  microwave  and  conventional  firing  techniques  range  from  30-200 
nm  and  50-450  nm  respectively.  The  product  obtained  from  conventional  firing  also 
revealed  stacking  faults  over  a  number  of  crystallites. 


INTRODUenON 

Nanophase  materials  have  recently  attracted  increasing  interest  in  the 
fabrication  of  dense  advanced  ceramics.  They  are  known  to  possess  a  variety  of 
novel  and  useful  properties  (1-4],  which  are  often  superior  to  those  of  their  coarser 
grained  counterparts.  Using  nanophase  SiC  particles  in  conjunction  with  boron  and 
carbon  as  sintering  aids,  nearly  dense  b^ics  of  SiC  have  been  obtained  by 
pressureless  sintering  [4].  Froes  et.  al.[5]  and  Karch  et.  al.  [6]  have  shown  that 
ultra-fine  grained  Ti02  and  CaF2  do  not  possess  the  inherent  brittleness  of  their 
conventional  counterparts.  Beside  the  known  improvements  in  the  mechanical 
properties  offered  by  nanophasc  ceramics,  the  possibility  of  easily  doping  them 
with  impurities  at  relatively  low  temperatures  through  their  dense  grain-boundary 
network  (with  only  a  few  atomic  jumps  separating  their  grain-boundaries)  also 
allows  an  efficient  introduction  of  impurity  levels  into  their  band  gaps.  This  would 
offer  a  good  possibility  of  controlling  tlicir  electrical  and  optical  properties. 

The  use  of  microwaves  in  ceramic  processing  is  gaining  importance 
owing  to  the  inherent  advantages  of  microwave  heating.  Since  microwave  energy 
can  continuously  couple  to  a  material  and  is  not  limited  by  the  thermal  diffusion 
process,  a  material  can  be  heated,  at  least  theoretically,  to  any  desired  temperature. 
The  main  advantages  of  microwave  processing  over  conventional  processing  arc: 
(1)  high  heating  rates,  (2)  instantaneous  application  or  removal  of  energy  thereby 
lending  the  possibility  of  controlled  temporal  heating  profiles  [7],  (3)  improved 
thermal  diffusion  (4)  limited  grain  growth  (however,  the  time  and  temperature 
dependency  would  be  critical),  (5)  high  energy  transfer  efficiency,  (6)  localized 
energy  deposition  and  (7)  more  uniform  and  better  chemical  properties. 
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Technological  benefits  would  include  the  possibility  of  higher  production 
throughput  and  a  lower  capital  cost.  Ihus,  Katz  et  al.  [8]  have  observed  that 
sintering  of  boron  carbide  could  be  accomplished  with  microwaves  at  a  temperature 
of  1900  -  2000  °C,  whereas  conventional  heating  required  a  temperature  of  2150  - 
2200  “C.  The  cost  of  microwave  equipment  was  $  35,000  versus  $  120,000  to 
200,000  for  the  conventional  equipment,  and  the  sintering  times  for  the  microwave 
and  conventional  heating  were  rej^rted  to  be  12  min  and  1-2  hr  respectively. 

The  high  hardness,  high  thermal  conductivity,  high-temperature  resistance 
and  chemical  stability  make  ultra-fine  SiC  a  potendally  interesting  material  both  in 
fundamental  research  and  technological  use.  There  are  two  principal  routes  to 
produce  submicron  silicon  carbide;  (a)  carbothermal  reduction  of  silica  or 
compounds  containing  silica,  and  (b)  pyrolysis  of  silane  compounds.  The 
production  of  ^silicon  carbide  from  silicious  material  and  the  Acheson  process  of 
making  a-silicon  carbide  belong  to  the  first  category,  whereas  the  synthesis  of  SiC 
throu^  decomposition  of  silanes  belongs  to  the  second  category.  TTie  objective  of 
the  present  work  was  to  investigate  the  concept  of  microwave  fast  firing 
technologies  developed  at  Ceramics  Kingston  Inc.,  and  to  compare  the  powder  thus 
obtained  with  that  produced  by  conventional  firing  techniques.  This  paper  gives 
only  a  preliminary  account  of  the  study  initiated.  A  detail^  investigation  of  the 
kinetics  of  the  reactions  involved  and  the  structural  characterization  of  the  product 
fenmed  (by  using  X-ray  photoelectron  spectroscopy  and  Fourier  transform  infrared 
spectroscopy)  is  underway  to  fully  understand  and  improve  the  quality  and  yield  of 
the  product  obtained. 

EXPERIMENTAL 

Convcnttonal  Heating 

Sample  loads  of  amorphous  silica  and  carbon  (up  to  3  g)  were  heated  in 
graphite  crucibles  (2.5  cm  diameter)  in  a  pulsed  resistance  heated  vacuum  furnace 
(CKC  model  JB-1).  The  thermocouple  was  located  in  the  reactant  material.  In  all 
cases  the  samples  were  evacuated  at  room  temperature  and  the  furnace  temperature 
ramped  to  approximately  1000  -  1200  °C  in  2  hours.  After  a  soak  period  at  the 
intermediate  temperature  the  furnace  was  pulsed  to  final  temperature  (>  1500  °C)  in 
about  one  minute.  Soak  period  at  this  temperature  was  up  to  11  minutes.  The 
samples  were  cooled  to  the  ambient  with  the  furnace  power  off. 

Microwave  Heating 

Precursor  samples  of  amorphous  silica  and  carbon  (a  total  charge  of  up  to 
3  g)  were  placed  in  a  single  mode  microwave  cavity  and  heated  using  microwave 
power.  The  ptower  source  was  a  CKC  model  WK  -  10  -  800  W  variable  power 
unit.  Power  was  coupled  via  a  slide  screw  tuner  to  the  cavity.  The  cavity  was 
pumped  down  using  a  Edwards  model  EM2  -  28  rotary  vacuum  pump.  Base 
pressure  for  all  the  tests  was  0.4  m  bar.  The  forward  power  for  all  the  tests  was 
750  -  800  W.  Reflected  power  was  varied  between  100  and  200  W.  Temperature 
measurements  made  at  the  beginning  of  the  run  using  a  retractable  thermocouple 
(temperature  measurements  taken  with  the  power  off)  indicated  that  the  initial  ramp 
rate  was  significantly  higher  than  10  "C/min.  The  samples  were  soaked  at  the  find 
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temperature  for  a  period  of  up  to  11  min.  In  some  cases  plasma  formation  was 
observed. 

Optical  pyrometer  measurements  at  the  elevated  temperatures  were 
confounded  by  the  fact  that  the  outer  surface  of  the  sample  remained  cold  while  the 
inner  regions  appeared  to  be  hot  Visual  observations  suggested  that  the  actual  inner 
temperature  of  the  sample  was  considerably  higher  than  the  measured  temperature 
of  1300  “C,  but  this  cannot  be  confirmed  with  any  accuracy.  Post  facto  product 
analysis  indeed  confirmed  that  the  temperature  exceeded  that  required  for  reaction 
initiation,  but  the  actual  temperature  achieved  remains  unknown.  In  our  experience 
fiber  optic  probes  probably  give  the  least  spurious  temperature  measurements  in  a 
microwave  environment  and  further  tests  are  planned  using  these  probes.  Typical 
microwave  power  and  absorption  curves  are  shown  in  Fig.  1. 


FORWARD  POWER 


Time,  min 

Fig.  1.  Typical  microwave  power  and  absorption  curves. 


After  completion  of  the  reaction  (by  either  of  the  above  two  methods),  the 
product  was  scrapped  off  the  furnace  and  analyzed.  For  examination  by 
transmission  electron  microscopy  (TEM),  the  powders  were  collected  on  holey 
carbon  films  supported  on  copper  grids.  They  were  then  cximined  in  a  Philips  400 
TEM/STEM  to  determine  particle  size,  distribution  and  morphology.  The 
compositions  of  the  powders  were  determined  by  energy  dispersive  X-ray  analysis 
(EDAX)  and  electron  energy  loss  spectroscopy  (EELS).  The  crystalline  structures 
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were  detemiined  by  convergent  beam  microdiffraction  (CBMD).  The  X-ray 
diffraction  measurements  were  performed  on  a  Siemens  type  F  diffractometer  using 
monochromated  Cu  Ka  radiation  and  a  Si  (Li)  detector.  Auger  analysis  was 
performed  using  a  PHI  600  model  Auger  spectrometer.  The  powder  samples  were 
loosely  pressed  over  a  thin  indium  foil  and  analyzed  with  a  10  kV  beam  at  currents 
of  0.05  -  1.8  |iA.  Argon  ion  sputtering  was  perf^ormed  with  a  2  kV  beam,  rastered 
over  a  4  mm^  area.  The  powder  samples  are  submicron  particles,  therefore 
individual  particles  w'ere  not  analyzed.  Generally  a  20x20  |xm  area  was  analyzed 
giving  an  average  analysis. 

RESULTS 

figure  2  (a)  shows  a  typical  TEM  micrograph  and  CBMD  pattern  of  the 
stoichiometric  microwave  processed  SiC  powder. 


Fig.  2  Micrographs  of  (a)  microwave  annealed  and  (b)  conventionally  fired  SiC 
samples  with  stoichiometric  amounts  of  reactants.  The  inset  in  (a)  shows  a  CBMD 
pattern  with  [0  1  1]  zone  axis. 


The  SiC  particles  are  plate-like  and  some  are  hexagonal  shaped.  They  ran^  in  size 
from  30  -  200  nm.  The  CBMD  pattern  (shown  in  the  inset)  with  a  [OTllzone 
axis  confirms  the  crystal  structure  of  the  SiC  powder  to  be  face  centered  cubic  with 
a  =  0.43589  nm.  Figmc  2(b)  shows  a  TEM  micrograph  of  a  conventionally  fired 
sample  with  stoichiometric  quantities  of  precursor  materials.  These  SiC  particles  are 
mainly  plate-like,  ranging  in  size  from  100  nm  to  450  nm.  Stacking  faults  are 
observed  in  many  of  these  particles.  The  chain-like  agglomeration  observed  in  this 
conventionally  fired  material  is  of  interest.  At  present  ^e  nature  and  strength  of  the 
interparticle  bond  is  not  known,  but  such  agglomerations  will  certainly  be 


398 


Microwaves 


detrimental  for  tlie  successful  densificadon  of  the  powders  if  their  bonds  cannot  be 
broken. 


Fig.  3(a)  TEM  of  microwave  annealed  SiC  'Adth  2.5  nK)l%  excess  carbon,  (b)  TEM 
of  conventionally  fired  sample  with  2.5  mol%  excess  carbon. 

One  of  the  objectives  of  the  present  experiments  was  to  study  the  effect  of 
small  batch-to-batch  variations  in  the  silica  and  carbon  contents  that  may  result 
during  large  scale  production  operations.  For  this  purpose,  carbothermic  reduction 
was  carried  out  in  both  the  conventional  and  microwave  furnaces  with  1-5  mol 
%  excess  of  carbon  over  stoichiometric  quantities.  Figure  3(a)  shows  electron 
micrographs  of  microwave  annealed  samples  obtained  from  2.5  mol  %  excess  of 
carbon  in  the  reactant  precursor.  A  significant  amount  of  spherical  shaped  unreacted 
material  is  obscr/ed.  This  unreacted  material  was  amorphous.  The  irucrograph  of 
the  conventionally  fired  precursors  with  2.5  mol  %  excess  carbon  is  shown  in  Fig. 
3(b).  Here  again  the  plate-like  nature  ol  the  SiC  particles  arc  observed.  The 
^stalline  particles  range  in  size  from  50  -  250  nm  and  stacking  faults  are  observed 
in  some  of  them. 

XRDData: 

Figure  4  shows  the  X-ray  diffraction  patterns  of  the  microwave  and 
conventiontdly  fired  samples  with  the  stoichiometric  quantities  of  the  reactants.  The 
pattern  of  the  microwave  heated  sample  shows  P  SiC  [(SiC)-8H]  structure  in  which 
the  characteristic  peaks  are  observed  at  20=  35.7,  41.47,  60.15,  and  71.92°.  The 
P-(cubic)  structure  is  preferred  for  structural  ceramics  applications.  The  pattern 
involves  small  peaks  due  to  C  [  (C)  12H]  at  20  =  63.47°  and  SiC)2.  Figure  5  shows 
the  XRD  patterns  of  the  microwave  and  conventionally  fired  samples  with  2.5  % 
excess  of  carbon  over  the  stoichiometric  quantities  of  the  reactants.  These  also 
show  predominantly  the  p-SiC  phase  in  both  the  samples.  The  peak  at  20  =  35.13° 
is  due  to  the  unreacted  Si02  while  those  at  120.87,  132.54  and  142.56°  are  likely 
due  to  C. 
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Pic  4  X-tay  diffraction  pattern  of  (a)  microwave  and  (b)  conventionally 

j)T«*ssedSiC  with  stoicluometric  amounts  of  reactants. 
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Fie  5.  X-ray  diffraction  pattern  of  (a)  microwave  and  (b)  conventionally  fired 
samples  ivith  2.5  mol%  excess  carbon  added  during  finng. 
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DISCUSSION  AND  CONCLUDING  REMARKS: 


The  overall  reaction  of  formation  of  SiC  through  carbothermal  reduction 
of  silica  can  be  represented  as: 

Si02  +  3C - >  SiC  +  2CO(g)  (1) 

AG®t  =  609.023  -  0.351  T  (kJ/mol) 

where  AG^j  is  the  standard  free  energy  change  for  the  reaction,  and  T  is  the 
temperature  in  Kelvins.  The  reaction  is  highly  endothermic  and  proceeds  above 
1500  ®C  for  a  partial  pressure  of  CO  below  0.1  MPa.  The  standard  free  energy  of 
reaction  (1)  was  calculated  by  the  usual  estimation  :  AG^y®  AH°298  “  T^'’298. 

Reaction  (1)  can  be  viewed  as  proceeding  in  the  following  steps: 


Si02  - >  SiO(g)  +  O  (2) 

0+  C  - >  CO(g)  (3) 

SiO^^  +  2  C  - >  SiC  +  CO(g)  (4) 


It  has  been  reported  by  Bluementhal  et.  al.  [9]  that  an  increase  in  the 
reaction  rate  with  increasing  interface  area  between  reactants  occurs  as  the  particle 
size  of  silica  was  decreas^.  They  concluded  that  the  formation  of  gaseous  SiO 
occured  in  all  the  mixtures  of  silica  and  carbon  Avith  the  C  :  Si02  molar  ratio  from 
0.86  to  3.0.  Klinger  et  al.  [10]  have  studied  reactions  between  silica  and  graphite 
from  1445  to  1765  °C.  They  observed  that  the  particle  size  of  the  SiC  reaction 
product  was  close  to  that  of  the  original  graphite  particles  and  that  the  measured 
weight  loss  data  could  be  explained  only  by  assuming  the  dissociation  of  sDica  into 
oxygen  and  gaseous  SiO  (reaction  2),  which  subsequently  reacted  with  graphite  to 
form  SiC.  From  their  investigation  of  reactions  of  rice  hulls  (containing  10  to  15 
wt.  %  silica  and  cellulose),  Lee  and  Cutler  [1 1]  concluded  that  the  rate  controlling 
step  for  the  SiC  formation  was  the  formation  of  SiO.  An  increase  in  the  rate  of 
reaction  (1)  was  observed  as  the  surface  area  of  the  catalyst  was  increased.  The 
formation  of  gaseous  SiO  thus  seems  to  be  an  important  rate  determining  step  in  the 
overall  yield  of  SiC  formation.  The  equilibrium  partial  pressure  of  SiO  over  solid 
SiO  and  carbon  is  0.1  kPa  at  1430  °C,  0.2  kPa  at  1530  °C  and  5. 1  kPa  at  1630  °C 
[10];  therefore,  retention  of  gaseous  SiO  and  removal  of  CO  gas,  as  the  reaction 
proceeds,  arc  essential  to  shift  the  overall  reaction  (1)  in  the  favourable  direction  of 
high  yield  for  SiC. 

The  AES  data  of  the  microwave  and  conventionally  annealed  samples 
(with  the  Auger  sensitivity  factor  calibration  done  using  a  single  crystal  of  SiC) 
have  shown  that  the  total  Si/C  ratio  for  both  these  samples  were  close  to  0.6.  Such 
a  high  concentration  of  carbon  was  also  seen  in  the  other  two  microwave  and 
conventionally  fired  samples,  with  2.5  mol  %  excess  carbon  over  the  stoichiometric 
quantities.  This  ratio  was  not  markedly  changed  even  after  a  depth  profiling  of  ~ 
6000  A.  In  all  the  samples,  the  surface  carbon  peak  shape  clearly  showed  the 
presence  of  graphitic  carbon  and  the  carbon  of  carbide.  Thus,  about  40  at  % 
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excess  carbon  (with  the  valid  assumption  that  the  carbon  contamination  from  the 
AES  system  would  be  equal  in  both  dte  standard  SiC  crystal  and  the  fired  samples) 
seems  to  be  present  in  both  of  them.  Such  a  large  excess  carbon  was  not  noticed  in 
the  XRD  data.  Therefore,  most  of  the  carbon  seen  in  the  elemental  form  remains 
amorphous.  This  was  also  noticed  in  the  TEM  micrographs  where  a  relatively  large 
number  of  clusters  of  unreacted  spherical  microreactors  were  observed  at  many 
places  with  their  diffraction  pattern  showing  an  amorphous  nature.  Comparison  of 
the  X-ray  difhaction  peak  integrated  intensities  of  crystalline  SiC  versus  crystalline 
silica  for  the  microwave  and  conventionally  annealed  samples  shows  that  about  40 
at  %  and  30  at  %  respectively  of  crystalline  silica  remain  in  these  samples.  These 
data  suggest  that  out  of  a  total  of  60  at  %  Si  (as  SiC  and  Si02)>  about  40  at  %  or  30 
at  %  are  bound  with  Si02  in  the  microwave  and  conventionally  annealed  samples 
respectively.  Consequently,  the  remaining  amount  of  only  20  at.  %  or  30  at.  4  is 
actually  consumed  in  the  formation  of  SiC.  Further  the  hi^  amount  of  about  40  at. 
%  of  unreacted  carbon  present  in  both  these  samples,  as  shown  by  AES,  also 
corroborates  with  these  results.  Since  only  30  at.  %  (as  compared  with  40  at.  %  for 
the  case  of  microwave  annealed  sample)  is  crystalline  in  the  conventionally  fired 
sample,  the  remaining  10  at.  %  of  Si02  seems  to  remain  unchanged  from  the 
original  amorphous  form. 

In  conclusion,  the  work  done  to  date  indicates  that  microwave  heating  is  a 
feasible  technique  for  the  production  of  ultra-fine  silicon  carbide.  A  small  excess  of 
C  (1  -  5  mol  %)  does  not  seem  to  change  the  crystallite  size  of  the  product 
formed.The  crystallite  size  of  p-SiC  produced  by  the  microwave  and  conventional 
firing  techniques  range  from  30-200  nm  and  50-450  nm  respectively.  A  preliminary 
comparison  widi  conventional  fast  firing  tentatively  indicates  that  both  firing 
techniques  are  very  similar  in  terms  of  the  product  yield.  Further  comparative 
experiments  are  underway. 
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ABSTRACT 

Recently,  a  new  procedure  was  developed  for  the  nitridation  of  high  purity  silicon 
via  microwave  heating.  Silicon  samples  were  processed  to  various  stages  of 
nitridation  utilizing  microwave  heating  and  then  analyzed  by  X-ray  diffraction  and 
by  scanning  electron  micro.scopy.  These  data  were  compared  to  that  obtained  from 
samples  nitrided  by  conventionaJ  heating  methods. 

INTRODUCTION 

Reaction-bonded  silicon  nitride  (RBSN)  is  a  leading  candidate  for  several  ceramic 
components  for  high  temperature  fuel  combustion.  A  great  body  of  research  has 
been  devoted  to  conventional  heating  methods  to  produce  RBSN  materials. 
Researchers  have  shown  this  process  to  most  likely  have  two  steps— a  low 
temperature  process  (1200  to  1300°C)  in  which  SiO  (gas)  combines  with  nitrogen 
to  produce  predominantly  a-SiBNa  and  a  later  high-temperature  process  (1300  to 
MOO^C)  in  which  silicon  metal  and  nitrogen  react  in  a  liquid-phase  process  to 
produce  p-Si3N4  [1,2].  The  overall  combined  reaction  is  an  exothermic  or  self- 
piopagating  high-temperanire  synthesis  type  reaction  [3]. 

However,  the  actual  process  of  producing  RBSN  products  has  been  plagued  by 
several  problems:  (1)  the  need  to  utilize  silicon  paniculates  with  high  iron  content, 

(2)  high  temperature  gradients  generated  by  the  exothermic  reaction  itself,  and 

(3)  poor  penetration  of  nitrogen  into  silicon  bodies  as  nitridation  proceeds  [1]. 

In  recent  years,  microwave  energy  has  been  introduced  as  a  possible  avenue  to 
achieve  superior  processing  of  ceramics  l4].  By  direct  coupling,  microwaves  can 
"volumetrically"  heat  materials  with  favorable  dielectric  properties.  This  is  very 
different  from  conventional  heating  processes,  which  rely  on  external  radiant 
energy  to  heat  materials.  Microwave  heating  also  appears  to  enhance  diffusion  of 
certain  chemical  species  in  ceramics  and  accelerates  certain  processes  [5]. 
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Holcombe  and  coworkers  [6]  discovered  that  high-purity  silicon  metal  compacts 
were  heated  quiet  efficiently  by  microwave  energy  at  2.45  GHz.  'fhis  paper 
presents  results  obtained  from  a  comparison  of  the  nitridation  of  high-pnrity  silicon 
utilizing  microwave  and  conventional  heating.  Since  our  ultimate  goal  is  the 
sintering  of  RBSN  materials,  we  have  also  included  some  results  on  the  nitridation 
of  RBSN  containing  sintering  additives. 

EXPERIMENTAL  PRCX3DURE 

Samples  were  prepared  by  two  methods:  (1)  ~100  g  quantities  of  unprocessed 
silicon  powdei^  were  isopressed  at  137  MPa  (20  ksi),  (2)  silicon  plus  other 
additives  such  as  silicon  nitride.t  aluminum  oxide,**  or  yttrium  oxidett  were  milled 
together  in  isopiopanol  for  2  to  6  h  and  dried.  The  powder  was  then  isopressed  as 
above.  Samples,  and  the  silicon  nitride  powder  which  some  of  the  samples  were 
ultimately  packed  in,  were  heated  a  minimum  of  3  h  at  140°C  prior  to  furnace  runs 
to  remove  any  absorbed  water. 

The  insulation  arrangement  used  in  the  microwave  heating  experiments  has  been 
previously  discussed  [7],  A  Type  "C"  thermocouple  was  inserted  into  a  0.25  in. 
hole  drilled  to  the  center  of  the  sample  for  measurement  purpose  and  for  control 
feedback  to  a  microwave  power  controller.  In  addition  to  the  control  thermocouple, 
other  thermocouples  were  used  to  measure  the  temperature  of  the  surface  of  the 
sample  and  of  the  insulating  materials.  In  some  cases,  an  alumina  sight  tube  was 
inserted  into  a  hole  drilled  adjacent  to  the  control  thermocouple  and  to  the  center  of 
the  sample.  This  sight  tube  was  used  for  infrared  pyrometer  measurements. 

Prior  to  runs  in  the  microwave  furnace,  the  cavity  was  pumped  down  to 
600  inillitorr  and  then  backfilled  with  nitrogen  .  Experiments  were  performed  with 
flowing  nitrogen. 

Comparison  headng  experiments  were  performed  in  a  graphite  element  furnace.  In 
the  initial  heating  experiments,  samples  were  packed  in  silicon  niudde  powder  as  in 
the  microwave  runs.  However,  this  approach  was  discarded  when  it  was  found 
that  the  early  exothermic  reaction  of  the  nitridation  process  resulted  in  premature 
melting  of  the  test  sample.  Results  presented  in  this  paper  are  for  the  set-up  in 
which  samples  were  placed  in  an  alumina  dish  with  no  surrounding  powder.  In 
these  experiments,  the  furnace  temperature  was  measured  and  controlled  by  a  Type 
"C"  molybdenum  sheathed  thermocouple  which  was  inserted  into  the  fumace  cavity 
at  a  point  near  the  sample. 


*Elchcm  Corp.,  Buffalo,  NY,  Grade  HQ,  <10  pm. 
'I’Ube  Corp.,  Japan;  Grade  E-10. 

**Ceralox  Corp.,  Tucson,  AZ;  Grade  HPA. 
ttMolycorp.  Louviers,  CO;  Grade  5600,  >99.99%. 
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The  furnace  was  purged  with  nitrogen  and  experiments  were  performed  with 
flowing  nitrogen. 

Samples  were  weighed  before  and  after  heating  cycles  to  determine  the  percent 
weight  gain  and  nitridation.  A  weight  gain  of  66.5%  is  considered  100% 
nitridation.  Following  the  heating  cycle,  samples  were  sectioned  near  the  center  of 
the  sample  into  a  140-mm  thick  slab.  A  30-mm  x  15-mm  rectangle  was  sectioned 
from  the  slab  for  x-ray  diffraction  studies.  A  small  fragment  was  also  broken  from 
the  slab  for  scanning  electron  microscopy  (SEM)  analysis. 

EXPERIMENTAL  RESULTS 

One  important  and  critical  aspect  of  these  heating  experiments  is  temperature 
measurements.  Figure  1  shows  the  temperature  measurements  taken  during  a 
typical  nitridation  experiment  in  the  microwave  furnace.  The  thermocouples  at  the 
center  and  surface  of  the  sample  differ  during  the  ramp  up,  but  come  together  at 
12{X)°C.  Likewise,  although  the  pyrometer  measurement  is  around  100°C  higher 
than  the  control  thermocouple  at  600°C,  the  temperatures  converge  near  1200°C. 
As  previously  noted,  the  sample  temperamre  in  the  conventional  furnace  is  assumed 
to  be  the  same  as  the  thermocouple  adjacent  to  the  sample. 

In  Table  1  are  shown  the  percent  nitridation  for  temperatures  from  1150°C  to 
1300°C  and  dwell  times  of  60  and  300  minutes  for  silicon  nitrided  during 
conventional  or  microwave  heating.  The  most  important  result  is  that  the 
nitridation  of  silicon  by  microwave  heating  begins  at  approximately  1200°C; 
whereas,  the  nitridation  of  the  silicon  processed  by  conventional  heating  begins 
near  1250°C.  As  seen  in  Figure  2,  the  percent  of  nitridation  in  the  microwave- 
heated  samples  was  higher.  Table  1  results  indicate  that  increasing  the  hold  time  for 
a  given  temperature  led  to  greater  increases  in  nitridation  for  the  microwave-heated 
silicon  than  the  silicon  heated  by  conventional  methods.  These  results  indicate  that 
microwave  heating  enhances  some  processes  in  the  nitridation  reaction.  An  attempt 
was  made  to  cany  out  the  experiments  at  higher  temperatures;  however,  the  strong 
exothermic  heating  of  the  sample  hindered  reliable  and  repeatable  results, 
particularly  in  the  microwave  system.  It  should  be  noted,  however,  that  when 
o-Si3N4  and  sintering  aids  were  added  to  silicon,  the  microwave  heating 
experiments  were  controllable  and  near  100%  nitridation  could  be  achieved. 

As  noted  in  the  experimental  procedures,  sectioned  samples  were  also  analyzed  by 
x-ray  diffraction  and  SEM.  Figure  3  shows  two  x-ray  diffraction  patterns  obtained 
from  silicon  heated  to  HSO^C  for  1  h  by  conventional  and  microwave  heating. 
Data  were  collected  on  the  peak  intensities  of  two  a-Si3N4  peaks  a(102)  and 
a(210)  and  two  p-Si3N4  peaks  designated  P(lOl)  and  P(210).  A  formula  developed 
by  Devlin  et  al.  [8]  was  used  to  calculate  the  ot/'p  ratio.  Note  in  Table  1  that  the  c/p 
ratio  of  the  conventionally-heated  sample  is  much  lower  than  that  of  the  microwave- 
heated  sample  at  1250'’C,  but  it  is  very  similar  to  o/p  ratio  of  the  microwave-heated 
sample  at  1200°C.  At  i3(X)°C,  both  the  conventional-  and  microwave-heated 
samples  had  nearly  identical  o/p  ratios  and  similar  profiles.  The  higher  p-Si3N4  in 
the  conventional  (1250'’C)  and  microwave  (1200‘’C)  samples  at  the  onset  of 
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Table  1.  Percent  Nitridadon  and  o/p  Si3N4  Rados  for  Silicon  Heated  by 
Convendonal  and  Microwave  Furnaces 


Headng 

Source 

Temperature 

rc) 

(Min.) 

Percent 

Nitridadon 

a/6 

Rado 

Microwave 

1150 

60 

1.0 

- 

Convendonal 

1200 

60 

0.5 

Microwave 

1200 

60 

8.9 

6.8 

Convendonal 

1250 

60 

9.1 

4.0 

Microwave 

1250 

60 

12.6 

11.6 

Convendonal 

1250 

300 

10.0 

Microwave 

1250 

300 

17.7 

12.8 

Convendonal 

1300 

6C 

9.7 

9.2 

Microwave 

1300 

60 

13.3 

9.2 

Convendonal 

1300 

300 

11.9 

Microwave 

1300 

300 

18.0 

9.2 
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Tim*  (Minutes) 


Figure  1  Headng  profile  of  silicon  nitridcd  by  microwave  heating. 
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SlUaon  NKfMalhM  Compartaon 


Figure  2  Early  phase  of 
nitridation  of  silicon  by  conven 
tional  and  microwave  heating. 


Figure  3  X-ray 
diffiraction  patterns 
of  selected  a-  and 
p-Si3N4  peaks  for 
silicon  nitrided  for 
1  h  at  1250°C  by 

(a)  conventional 
heating  or 

(b)  microwave 


nitridation  may  be  some  oxynitride  form.  These  results  indicate  that  the  reaction 
products  of  both  nitridation  processes  are  similar  but  are  present  in  different 
amounts. 

As  noted  in  the  procedures,  we  also  heated  silicon  plus  sintering  aids  .  X-ray 
diffraction  analysis  was  performed  on  some  of  these  samples.  Figure  4  is  a  pattern 
of  silicon  plus  10%  Si3N4,  2%  AI2O3,  and  6%  Y2O3  heated  to  1330®C  in  the 
microwave  furnace.  Note  that  there  is  an  enhanced  amount  of  the  p-Si3N4  peaks. 
These  p-Si3N4  peaks'probably  are  sialon  products.  This  result  is  comparable  to 
what  has  bwn  reported  for  similar  samples  heated  by  conventional  methods. 

Besides  calculating  the  ot/p  Si3N4  ratios,  we  also  used  another  formula  adapted 
from  Gazzara  et  al.  [9]  to  calculate  the  percent  of  free  silicon  left  in  some  of  oUr 
samples.  These  results  were  compared  to  our  weight-gain  results.  For  example, 
silicon  heated  at  1250°C  with  a  60  min  dwell  yieid^  a  nitridation  of  9.1%.  When 
the  x-ray  peak  intensities  are  plugged  into  the  Gazzara  formula,  we  obtained  7.3% 
nitridation.  This  is  good  agreement  for  these  type  of  experiments. 

SEM  analysis  was  performed  on  some  of  the  microwave  and  conventional  nitrided 
silicon  samples.  Figure  5  shows  a  10,000X  photomicrograph  of  silicon  heated  in 
the  conventional  furnace  to  1250°C  for  1  h  and  in  the  microwave  to  1200°C  for 
1  h.  One  can  see  the  a-Si3N4  whiskers  in  both  as  well  as  a  surface  film  of  Si3N4  . 
Figure  6  shows  the  same  two  samples  at  higher  magnification.  The  lumpy-rippl^ 
growth  pattern  of  silicon  nitride  on  the  surface  of  the  silicon  is  apparent  in  both 
cases. 

CONCLUSIONS 

A  comparative  study  of  the  low-temperature  nitridation  phase  of  high-purity  silicon 
in  nitrogen  has  been  conducted  using  microwave-  and  conventional-heating 
sources.  Nitridation  of  the  99.95%  pure  silicon  begins  at  ~1200°C  by  microwave 
heating  versus  1250°C  for  conventional  heating.  Early  nitridation  levels  are  higher 
in  microwave  heated  silicon.  Following  the  initial  burst  of  nitridation  at  1200  to 
1250°C,  there  is  a  decrease  in  the  rate  of  nitridation  in  both  cases.  However,  the 
microwave-heated  samples  continued  to  react  at  an  appreciable  rate  (as  measured  by 
weight  gain)  indicating  continued  diffusion  and  reaction  of  the  silicon. 

A  comparison  of  the  x-ray  diffraction  patterns  indicate  a  higher  level  of  a-Si3N4  in 
the  microwave-heated  samples  at  the  initiation  of  nitridation.  However  at  1300°C, 
the  o/p  Si3N4  ratios  were  nearly  identical  for  both  cases.  The  x-ray  diffraction 
pattern  for  silicon  plus  AI2O3  and  Y2O3  heated  to  1330°C  shows  an  enhanced 
amount  of  the  p  phase.  This  finding  correlated  well  with  findings  in  conventional 
nitridation  studies. 
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Figure  5  SEM  lO.OOOX  photographs  of  silicon  nitridcd  by  (a)  conventional 
heating  at  IISC’C  for  1  h  and  {b)  micro- wave  headng  at  1200°C  for  I  h. 


Figure  6  SEM  lOO.OOOX  photographs  of  silicon  nitrided  by  (a)  conventional 
heating  at  IZSC^C  for  1  h  and  (b)  micro- wave  heating  at  1200°C  for  1  h. 
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Calculation  of  percent  nitridation  by  weight  gain  and  by  calculations  from  x-ray 
diffraction  pet^s  correlated  very  well.  SEM  analysis  of  conventional-  and 
microwave-heated  and  nitrided  silicon  show  the  expected  early  whisker  growth 
as  well  as  coarse  Si3N4  growth  on  the  silicon  surfaces. 
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ABSTRACT 

Microwave  annealing  of  dense  silicon  nitride-based  ceramics  can  result  in 
substantial  SiO  volatilization  from  the  grain  boundary  phases  and  compositional 
changes  of  those  phases.  It  also  results  in  further  a-to-B  Si3N4  transformation 
accompanied  by  grain  growth.  These  changes  occur  at  bulk  temperatures  well 
below  comparable  observations  in  conventional  heating.  The  differences  are 
believed  due  to  enhanced  diffusion  within  the  intergranular  phases. 

INTRODUCTION 

Microwave  heating  is  of  interest  for  thermal  processing  of  ceramics  as  reviewed  by 
Sutton  [1].  Current  applications  include  drying,  clinkering,  sintering,  melting, 
joining,  and  fiber  drawing.  Other  researchers  have  reported  increased  diffusion 
rates  and  enhanced  sintering  during  microwave  heating  in  oxide-based  ceramic 
systems  [2-5]. 

Silicon  nitride  ceramics  are  the  leading  candidate  materials  for  high-temperature 
structural  applications  because  of  their  combination  of  excellent  strength,  fracture 
toughness,  wear  resistance,  thermal  shock  tolerance  and  high-temperature 
properties.  Si3N4  cannot  be  sintered  by  solid  state  diffusion,  but  must  use  liquid 
phase  sintering  techniques.  Typically,  additives,  such  as  Y2O3  and  AI2O3,  are 
utilized  to  create  liquid  phases  to  aid  in  densification.  Microstructural  development 
and  densification  occurs  by  both  particle  rearrangement  and  solution-reprecipitation 
processes  [6].  Precipitation  of  B-Si3N4  grains  occurs  from  a  liquid  phase,  and 
because  of  differences  in  growth  kinetics,  the  B-Si3N4  grains  grow  with  elongated 
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morphologies.  It  has  been  long  recognized  that  silicon  nitride  gets  many  of  its 
supmor  properties  from  the  interlocking  structure  of  the  elongated  B-Si3N4  grains 
developed  during  densification  at  high  temperature.  Diffusion  through  the  liquid 
phase  determines  the  densification  behavior,  the  resulting  grain  sizes,  the  aspect 
ratio  of  the  6-Si3N4  grains  and  the  extent  of  the  a-to-6  conversion  [6].  The  final 
microstructure  consists  of  B-Si3N4  grains  (and  possibly  residual  a-Si3N4  particles) 
surrounded  by  an  oxide-based  grain  boundary  phase  with  a  composition  dependent 
upon  on  the  initial  sintering  additives  used.  Further  heating  of  the  silicon  nitride 
under  nitrogen  can  affect  the  microstructure  in  several  different  ways  depending  on 
whether  it  is  done  above  or  below  the  intergranular  eutectic  temperature. 

If  the  materials  are  annealed  above  the  intergranular  eutectic  temperature,  diffusion 
continues  in  the  intergranular  liquid.  This  results  in  completion  of  the  a-to-B 
conversion,  grain  growth  and  coarsening  of  the  B-phase  with  a  decrease  in  aspect 
ratio  and  an  increase  in  the  average  diameter.  The  rate  of  coarsening  is  apparently 
dependent  on  the  viscosity  of  the  grain  boundary  liquid  phase  and  the  diffusion 
rate.  In  conventional  heating,  significant  coarsening  in  representative  processing 
times  20  h)  is  observed  at  temperatures  >1800°C  [7]. 

Heating  below  the  intergranular  phase  eutectic  temperature  is  commonly  performed 
on  silicon  nitride  ceramics  to  crystallize  the  grain  boundary  phases.  This  is  because 
that  while  the  liquid  phase  aids  densification,  after  sintering  it  can  be  retained  as  an 
intergranular  glass  phase  degrades  the  mechanical  properties  at  elevated  tempera¬ 
tures.  Crystallization  of  these  intergranular  phases  has  been  demonstrated  to 
improve  the  high  temperature  mechanical  prr'perties,  such  as  sffength  and  creen 
resistance  [8].  Conventionally,  crystallization  is  done  at  temperatures  of  1000  to 
1400°C  depending  on  the  chemistry  of  the  intergranular  phase.  At  these 
temperatures  o/B  ratios  and  grain  size  are  not  affected. 

Microwave  heating  of  silicon  nitride-based  materials  has  been  shown  to  occur  by 
coupling  to  the  grain  boundary  phases  [9,10].  Previous  results  showed  that  micro- 
wave  annealing  of  silicon  ninide  ceramics  resulted  in  significant  grain  growth  and 
improved  high-temperature  mechanical  properties  [10,1 1].  In  the  present  research, 
further  examination  of  the  materials  from  the  annealing  process  was  done  to  study 
the  microstructure  development  with  attention  to  the  a-to-B  transformation,  and 
crystallization  of  the  grain  boundaiy  phases. 

EXPERIMENTAL 

Appropriate  amounts  of  Si3N4,*  Y2O3,*  and  Al203f  were  milled  together  in 
isopropanol  for  2  h  and  then  dried  with  constant  stirring.  Discs  of  material 
approximately  5  mm  (0.2  in.)  thick  and  6.4-cm  (2.5  in.)  diameter  were  hot-pressed 
with  24  MPa  pressure  in  BN-coated  graphite  dies  under  0. 1  MPa  nitrogen  for 


*  Ube,  Japan;  Grade  E-10. 

*  Molycorp,  While  Plains.  NY;  Grade  5600. 

+  Reynolds.  Malakoff,  TX;  Grade  RC-HP  DBM. 
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60  min.  The  Si3N4-4  wt  %  Y2O3  samples  were  done  at  1775°C  and  the  Si3N4- 
6  wt  %  Y2O3-2  wt  %  AI2O3  at  1725°C.  Densities  were  determined  by  the 
Archimedes  method.  The  surfaces  of  the  discs  were  diamond  ground  prior  to 
annealing  and  then  machined  into  bars  with  nominal  dimensions  of  3  by  4  by 
SO  mm  after  annealing.  In  a  few  selected  cases,  the  samples  were  annealed  as 
bars. 

Microwave  annealing  was  performed  in  a  2.45-GHz  furnace  with  the  materials 
packed  in  Si3N4**  powder  (with  2  wt  %  Y2O3)  in  an  insulation  package  previously 
described  [10].  Temperatures  were  monitored  by  a  thermocouple  surrounded  by 
the  specimens.  Temperatures  of  selected  samples  were  also  verified  by  an  optical 
pyrometer,  and  the  t\  j  readings  were  generally  within  20°C  of  each  other. 
Convendonal  heating  was  done  in  a  graphite  element  furnace  with  the  specimens 
packed  in  the  same  powder  mixture  as  the  microwave  heated  materials.  All 
annealing  was  at  0.1  ^^a  (1  atm)  nitrogen. 

RESULTS 

The  hot-pressing  produced  materials  that  were  high  density:  3.20  g/cc  (98.8%)  for 
the  Si3N4-4%  Y2O3  and  3.25  g/cc  (99.4%)  for  the  Si3N4-6%  Y20y2%  AI2O3. 
Examination  of  th  •  materials  after  annealing  revealed  significant  weight  losses  had 
occurred  as  a  fj;.^:ion  of  the  microwave  thermal  treatment  conditions  as 
summarized  in  Fig.  1.  The  conventional  heated  specimens  showed  losses  <0.1% 
for  comparable  times  and  temperatures.  The  surfaces  of  the  microwave-heated 
specimens  with  high  weight  losses  had  a  "white"  reaction  layer  <0.25-mm 
(0.01  in.)  thick  indicating  that  the  weight  losses  were  predominantly  associated 
with  tiie  vvuemal  surfaces.  Prior  to  further  testing  of  these  materials,  the  surfaces 
were  groura  ‘  j  remove  the  "white"  surface  coating.  To  keep  comparisons  on  an 
equal  basis,  an  equal  amount  of  surface  material  was  also  removed  from  the 
conventionally-heated  specimens.  No  decreases  in  immersion  density  were 
obser/ed  even  for  the  Si3N4-6%  Y203-2%  AI2O3  material  that  exhibited  a  loss  of 
~8  wt  %,  Since  SiO  volatilization  is  the  main  cause  for  weight  loss,  a  second  set 
of  annealing  tests  were  run  where  the  packing  powder  was  oxidized  at  8()0°C  prior 
to  being  used.  Those  results,  also  summarized  in  Fig.  1,  show  that  the  weight 
losses  can  be  effectively  reduced  by  a  protective  powder  bed,  but  not  eliminated  at 
the  higher  temperatures  for  the  less  refractory  composition.  Powder  beds  are 
typically  used  during  sintering  of  silicon  nitrides  where  the  temperatures  are 
>1700°C. 

Microstructural  cliunges  occurring  during  the  annealing  were  also  significant 
depending  on  die  intergranular  phase  composition  and  the  annealing  conditions. 
Comparisons  made  by  scanning  electron  microscopy  showed  minor  differences 
between  the  microstructures  of  the  materials  containing  4%  Y2O3  (Fig.  2). 
However,  the  microwave  annealed  specimens  with  6%  Y203-2%  AI2O3 
experienced  enhanced  grain  growth  during  heat  treatment  as  shown  in  Fig.  3. 


Elkem,  Buffalo,  NY;  Grade  Silicon  Nitride  HQ. 
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Accompanying  the  grain  growth  was  a  change  in  the  phase  composition  of  the 
materials.  Interestingly,  the  microwave  annealing,  in  most  cases,  resulted  in  further 
a-to-B  Si3N4  phase  transformation  as  indicated  in  Fig.  4. 

Transmission  electron  microscopy  (TEM)  was  used  to  examine  the  nature  of  the 
grain  boundary  phases  in  selected  samples.  Minor  differences  of  the  intergranular 
phases  were  observed  between  the  conventional-  and  microwave-annealed  samples 
(1400®C  for  20  h)  containing  4%  Y2O3.  The  as-fabricated  samples  and  those 
conventionally  heated-contained  two  crystalline  grain  boundary  phases:  Y2Si207 
and  a  yttrium-silicon-oxynitride  phase.  The  microwave-aiuiealed  sample  contained 
only  the  yttrium-silicon-oxynitride  as  a  grain-boundary  phase  (Fig.  5). 

Examination  of  the  Si3N4-6%  Y203-2%  AI2O3  materials  by  TEM  showed  the 
intergranular  phases  in  the  as-fabricated  samples  to  be  amorphous,  as  expected. 
During  conventional  annealing  at  14{X)°C  for  10  h,  large  grain  boundary  pockets  of 
Y2Si207  crystallized  with  the  aluminum  existing  predominantly  in  small  amorphous 
pockets,  which  is  also  typical  for  this  material  composition.  When  the  material  was 
microwave  annealed  for  10  h  at  1400°C,  there  was  a  significant  improvement  in 
crystallization  and,  in  fact,  no  amorphous  phases  were  found  in  this  sample.  As 
noted  in  the  sample  conventionally  heated  under  the  same  conditions,  when  there  is 
some  residual  amorphous  phases  present,  it  is  due  to  the  aluminum  segregating  into 
discrete  areas  as  the  Y2Si207  or  other  Y-Si-O-N  phases  c^stallize.  In  this  case, 
however,  the  aluminum  was  found  in  solid  solution  within  the  crystalline  grain 
boundary  pockets  in  a  high  Y-containing  silicate  (but  not  Y2Si207)  as  shown  in 
Fig.  6. 

TEM  was  also  performed  on  samples  microwave  annealed  at  1200°C  for  20  h. 
These  conditions  resulted  in  an  inhomogeneous  distribution  of  phases:  in  some 
areas,  the  majority  of  the  grain  boundary  pockets  had  fully  crystallized  as  a  high 
Y-containing  phase  with  no  aluminum;  whereas,  in  other  relatively  large  regions 
adjacent  to  these  areas,  there  were  no  crystalline  pockets,  only  residual  amorphous 
pockets.  These  regions  rangeo  in  size  from  ~1  to  10  pm. 

DISCUSSION 

Microwave  heating  of  silicon  nitride-based  materials  occurs  predominantly  via 
power  absorption  by  the  intergranular  phases.  Because  of  the  high  thermal 
conductivity  of  the  silicon  nitride  and  the  small  intergranular  distances,  the 
temperatures  are  expected  to  be  relatively  uniform  throughout  the  specimens, 
especially  with  the  long  hold  times  in  the  present  study.  However,  a  number  of 
factors  indicate  that  cither  (1)  the  bulk  temperature  measurements  are  too  low, 
(2)  the  intergranular  temperatures  are  higher  than  the  bulk,  or  (3)  diffusion  within 
the  intergranular  phases  is  significantly  increased.  These  factors  include  the 
observed  weight  losses,  the  changes  in  the  intergranular  phase  compositions,  the 
further  a-to-B  transformation  and  the  enhanced  grain  grow^. 

As  stated  before,  the  temperatures  were  monitored  during  every  anneal  with  a 
thermocouple  surrounded  by  the  samples.  Temperatures  were  also  checked  in  a 
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few  cases  with  an  optical  pyrometer  and  the  two  measurements  were  generally 
within  20°C.  During  heat-up,  it  is  conceivable  that  the  temperatures  of  the  samples 
could  have  been  higher  due  to  large  thermal  gradients  from  the  samples  through  the 
packing  powder.  However,  in  other  tests,  we  have  found  that  the  gradients 
diminish  quickly  (<1  h)  as  the  entire  insulation  package  heats  up.  Unfortunately, 
no  optical  measurements  were  taken  during  heat-up  of  the  present  samples.  Since 
the  anneal  times  for  the  present  study  were  all  SIO  h,  the  majority  of  the  anneal  time 
was  spent  with  small  thermal  gradients  in  the  insulation  package  and  thus  the 
thermocouple  readings  were  accurate. 

Johnson  has  recently  examined  the  potential  for  thermal  gradients  with  grain 
boundary  heating  in  polycrystalline  ceramics  [13].  Heat  flow  calculations  indicated 
that  temperature  differences  between  grains  and  grain  boundaries  wou!  *  be 
negligible.  In  the  present  study  with  near  theoretically  dense  materials,  there ttle 
difference  between  the  grains  and  the  intergranular  phases. 

Weight  losses  are  not  significant  in  dense  materials  heated  conventic  .;y  until 
temperatures  >1700°C  are  used,  but  in  the  microwave-heated  materials,  we 
observed  considerable  losses  at  ~14{X)°C.  SiO  volatilization  from  the  intergranular 
phases  would  result  in  compositional  shifts  favoring  high  Y-containing  phases. 
Thus,  the  appearance  of  high  Y-containing  silicates  and  the  disappearance  of 
Y2Si207  in  the  microwave-annealed  specimens  are  consistent  with  such  a 
mechanism.  Enhanced  diffusion  of  Si-O  species  would  result  in  increased  weight 
losses. 

The  a-to-B  Si3N4  transformation  is  known  to  transpire  only  by  solution- 
reprccipitation  through  a  liquid  or  by  vaporization-condensation  through  a  gas  [6]. 
Grain  growth  is  associated  with  the  transformation  in  the  presence  of  a  liquid.  In 
the  present  study,  the  intergranular  eutectic  liquid  temperatures  are  -1500°C  for  the 
Si-Y-O-N  system  and  ~1280°C  for  the  Si-Al-Y-O-N  system.  Conventionally, 
diffusion  within  these  liquids  is  very  low  at  temperatures  just  above  the  eutectic 
because  of  extremely  high  viscosities,  and  temperatures  >1750°C  are  normally 
required  to  observe  changes  in  reasonable  times.  In  both  material  compositions  in 
the  present  study,  substantial  transformation  took  place  at  temperatures  below  the 
eutectic:  in  20  h  anneals  at  1400°C  for  the  Si3N4-4%  Y2O3  and  1200°C  for  the 
Si3N4-6%  Y203-2%  AI2O3.  The  Si3N4-4%  Y2O3  material  microwave  annealed  at 
1400°C  for  10  h  did  not  show  any  further  a-to-B  Si3N4  transformation,  but  this 
sample  also  exhibited  no  weight  loss  and  the  high-temperature  creep  properties 
were  similar  to  the  as-fabricat^  material  indicating  it  may  be  an  anomaly  [11].  In 
any  event,  comparable  observations  of  a-to-B  transformation  and  grain  growth  in 
conventionally  annealed  silicon  nitrides  requires  temperatures  >300°C  higher  than 
those  observed  in  the  microwave.  Thus,  since  the  bulk  temperature  measurements 
are  not  off  by  that  magnitude  and  the  intergranular  phase  temperatures  are  not 
substantially  different  from  the  bulk,  the  observations  must  be  attributable  to 
enhanced  diffusion  within  the  intergranular  phases. 
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CONCLUSIONS 


Microwave  annealing  of  dense  silicon  nitride-based  ceramics  can  result  in 
substantial  SiO  volatilization  from  the  grain  boundary  phases  and  compositional 
changes  of  those  phases.  Further  o-to-B  Si3N4  transformation  is  accompanied  by 
grain  growth.  Even  considering  errors  in  the  temperature  measurements, 
comparable  observations  in  conventionally  annealed  silicon  nitrides  take  place  at 
temperatures  S300°C  higher  than  in  the  microwave.  These  observations  indicate 
enhanced  diffusion  in  the  intergranular  phases  by  microwave  heating. 
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Fig.  1  -  Summary  of  weight  losses  by  silicon  nitride  materials  during  microwave 
annealing.  Use  of  a  powder  bed  with  high  silica  content  reduces  SiO  volatilization, 
(a)  Si3N4-4%  Y2O3,  (b)  Si3N4-6%  ¥203-2%  AI2O3.  Samples  annealed  in  powder 
beds  with  high  silica  in  form  of  bars. 


Fig.  2  -  Fracture  surface  of  Si3N4-4%  Y2O3  material  annealed  for  20  h  at  1400°C. 
(a)  conventional  heating,  (b)  microwave  heating. 
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Fig.  3  -  Fracture  surface  of  Si3N4-6%  ¥203*2%  AI2O3  material  annealed  for  10  h 
at  1400°C.  (a)  conventional  heating,  (b)  microwave  heating. 


(«) 


Annoaling  CondHtona  of  Tompoftturo  ond  TImo 


(b) 


Annoaling  Conditlena  of  Tomporaturo  and  TImo  (^C/h) 


Fig.  4  -  Alpha  pliase  silicon  nitride  content  as  a  function  of  the  annealing 
conditions.  Microwave  annealing  can  result  in  substantial  a-to-B  transformation  at 
relatively  low  temperatures,  (a)  Si3N4-4%  Y2O3,  (b)  Si3N4-6%  ¥203*2%  AI2O3. 
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Fie.  5 '  TEM  micrograph  showing  crystalline  yttrium-sihcon-oxymtndc  gram 
boundary  pockets  in  microwave  annealed  Si3N4-4%  Y2O3.  Microwave  annealing 
:ondidons  were  1400‘’C  for  20 


Fie  6  -  TEM  micrograph  showing  high  Y-containing  silicate  containing  aluminum 
phases  in  microwave  annealed  Si3N4-6%  Y203-2%  AI2O3.  Microwave  annealing 
conditions  were  1400°C  for  10  h. 
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ABSTRACT 

We  report  the  synthesis  of  nonoxidc  ceramic  powders  of  aluminum  nitride,  silicon 
carbide  and  silicon  nitride  by  nonthcrmal  microwave  plasma  of  precursor  gases  under 
conditions  of  laminar  flow.  The  precursor  gases  used  were  trimcthylaluminum  and 
nitrogen  for  aluminum  nitride,  silane  and  acetylene  for  silicon  carbide,  and  silane 
and  nitrogen  for  silicon  nitride.  The  argon  gas  was  used  as  the  diluent /carrier  gas  in 
all  the  eases.  The  effect  of  flow  rate  of  the  gases  and  hence  the  effect  of 
concentration  and  residence  time  of  the  activated  species  in  the  plasma  is  discussed. 
The  microwave  energy  in  the  plasma  was  (50-100)  Watts.  The  product  particles 
were  characterized  by  transmission  electron  microscopy,  Auger  electron  spectroscopy 
and  X-ray  photoelcctron  spectroscopy. 

The  synthesized  material  was  found  to  bo  ultrafinc  (-5nm)  and  crystalline. 
Aluminum  nitride  stabilized  in  either  hexagonal  or  cubic  phases  depending  on  the 
nitrogen  concentration. 

The  silicon  carbide  formed  was  mostly  cubic-3C  accompanied  with  several 
hexagonal  and  rhombohcdral  polytypic  modifications.  The  implications  of  the 
occurrence  of  polytypes  in  particles  of  nanometer  size  are  discussed  in  terms  of  the 
existing  theories. 

The  silicon  nitride  was  formed  in  the  a  phase  modification. 

INTRODUCTION 

Aluminum  nitride,  silicon  carbide  and  silicon  nitride  are  well  known  cerar-'ics 
which  can  stand  high  temperature  and  offer  high  strength  and  resistance  to 
corrosion.  They  arc  being  used  to  replace  metals  with  an  advantage  of  being  of  lower 
density  (1-6).  Also 'they  are  being  applied  to  the  microelectronic  devices  in  thin  film 
form  (7,8). 

The  high  temperature  processing  of  these  ceramics  introduces  a  variety  of 
defects,  consequently  the  properties  of  the  ceramics  arc  greatly  limited. 
Particularly,  in  silicon  carbide  the  abundance  of  polytypes  and  phase 
transformations  amongst  them  develop  an  additional  complication.  These  phase 
transformations  often  result  in  undesirable  changes  in  microstructurc  including 
exaggerated  grain  growth  (9).  The  defects  compromise  the  mechanical  strength  and 
thermal  properties  of  the  materials.  Many  of  the  defects  originate  from  the  milling 
(Acheson  procc'ss  for  silicon  carbide),  presence  of  hard  agglomerates  and  post  firing 
machining.  As  a  result,  several  groups  have  embarked  upon  gas  phase  synthesis  (10) 
using  thermal  plasma  torches  and  lasers  (11-14)  to  produce  nanoscalo  particles. 
However,  the  former  method  has  generally  been  unsatisfactory,  primarily  because  of 
large  temperature  and  velocity  gradients  in  the  plasma.  The  resulting  material  has 
been  highly  agglomerated,  chemically  inhomogeneous  and  difficult  to  density. 
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The  objective  of  this  investigation  is  to  synthesize  crystalline  aluminum 
nitride,  silicon  carbide  and  silicon  nitride  ultrafine  powders  via  gas  phase  synthesis 
using  contained  nonthcrmal  microwave  plasma  under  laminar  flow  conditions  of  the 
precursor  gases. 

Aluminum  nitride  and  silicon  carbide  exhibited  polytypism.  The 
phenomenon  of  polytypism  (15-17)  refers  to  the  ability  of  a  solid  to  crystallize  into 
more  than  one  crystallographic  modification  with  the  same  chemical  composition 
but  differing  :n  number  and/or  manner  of  stacking  of  layers  in  the  unit  cell.  The 
implications  of  the  occurrence  of  polytypism  tn  nanometer  sized  particles  will  be 
discussed. 


EXPERIMENTAL 


Reactor  System  and  Gas  Flow 

The  experimental  apparatus  (Fig.1)  consisted  of  a  long  (2.1m)  fused  quartz 
tube  (O.D=38  mm,  I.D  =35  mm)  which  was  inserted  into  a  circular  applicator  of  a 
microwave  source  (S-1500  Astex)  capable  of  1.5  kWatts.  This  tube  was  connected  to 
the  mass  flow  controllers  on  one  end  and  the  vacuum  pump  fitted  with  automatic 
throttle  velve  pressure  controller  on  the  other.  A  teflan  filter  (pore  size-10  micron) 
was  placed  down  stream  to  collect  the  powder.  The  system  could  be  purged  with 
argon  and/or  nitrogen  and  similarly  the  exhaust  gases  diluted. 


Fig.1.  Schematic  diagram  o(  the  apparatus 

The  synthesis  was  accomplished  by  triggering  the  microwave  plasma  in  the 
mixture  of  precursor  gases  and  the  diluent  gas  argon.  The  flow  rate  was  limited  to 
result  in  a  laminar  flow  to  minimise  particle-particle  collision. 

The  aluminum  nitride  was  synthesized  by  triggering  the  microwave  plasma 
in  the  mixture  of  trimethylaluminum  (TMA),  nitrogen  and  argon.  An  excess  nitrogen 
was  necessary  to  make  hexagonal  aluminum  nitride.  The  actual  flow  rate  to 
synthesize  hexagonal  aluminum  nitride  was  found  to  be  20  standard  cubic  centimetre 
per  minute  (seem)  of  nitrogen,  5  seem  of  TMA  and  50  seem  of  argon.  A  lower 
concentration  of  nitrogen,  15  seem  of  nitrogen  with  the  same  flow  rates  of  TMA  and 
argon  resulted  in  the  formation  of  cubic  aluminum  nitride.  A  still  lower  concentration 
of  nitrogen  (10  seem)  resulted  in  a  mixture  of  cubic  aluminum  nitride  and  aluminum. 

"  The  silicon  carbide  was  synthesized  by  triggering  the  microwave  plasma  (50- 
1(X)  Watts)  in  a  laminar  flow  of  acetylene,  silane  and  argon.  The  optimum  flow 
rates  wore  determined  to  be  10  seem  of  silane,  4  seem  of  acetylene,  and  160  seem  of 
argon  to  form  silicon  carbide,  and  3  seem  of  silane,  15  seem  of  nitrogen,  and  50  seem  of 
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argon  in  case  of  silicon  nitride.  Laminar  flow  is  maintained  at  these  flow  rates.  It 
should  be  noted  that  these  rates  do  not  quite  correspond  to  thermodynamic 
stoichiometric  ratios.  We  deduce  that  this  is  due  to  more  difficult  excitation  of 
silane  compared  to  that  of  acetylene. 

The  optimum  flow  ratio  was  determined  by  compositional  analysis  performed 
by  Auger  electron  spectroscopy  of  the  collected  particles.  Higher  acetylene  flow 
rates  resulted  in  excess  carbon. 

The  Langmuir  probe  was  used  to  characterize  the  plasma.  The  details 
regarding  this  are  described  elsewhere  (18). 

The  particles  synthesized  in  the  plasma  ball  were  ultrafine  (-  5nm)  which 
were  suspended  in  the  argon  stream  and  were  collected  on  the  filter  placed  in  the 
quartz  tube.  The  efficiencies  as  determined  by  the  total  amount  of  particles  formed 
were  found  to  bo  5",  207c  and  IS^'t.  for  aluminum  nitride,  silicon  carbide  and  silicon 
nitride  respectively. 

The  powders  collected  were  characterized  crystallographically  by  electron 
diffraction  and  chemically  by  Auger  electron  spectroscopy  and  X-ray  photoelectron 
spectroscopy. 

The  electron  microscope  samples  were  prepared  by  transferring  the  powder 
particles  on  the  holey  carbon  grid  either  directly  or  by  putting  drops  of  the  particles 
suspended  in  acetone  on  the  grid. 

RESULTS  AND  DISCUSSION 

The  electron  microscopic  observations  of  the  aluminum  nitride  formed  with 
different  concentrations  of  the  nitrogen,  TMA,  and  argon  is  described  below: 

A  mixture  of  5  seem  of  nitrogen,  5  seem  of  TMA  and  UK)  seem  of  argon  resulted 
in  aluminum  powder.  The  electron  micrograph  and  the  electron  diffraction  from 
these  powders  arc  shown  in  Figs.2a.  and  2b.  respectively.  The  diffraction  pattern 
corrcDpondcd  to  the  aluminum  FCC  phase  with  a=  4.05  A. 


Figs.  2a.  and  2b..  Electron  micrograph  and  diffraction  from  the  powuii  (see  text). 


These  observations  suggest  the  lack  of  active  nitrogen  for  the  nitridation  of 
aluminum  resulting  from  TMA.  We  therefore  increased  the  nitrogen  concentration 
which  resulted  in  the  formation  of  cubic  aluminum  nitride  (a=  4.12  A),  and 
aluminum.  Figs. .la.  and  3b.  show  the  electron  micrograph  and  the  electron 
diffraction,  respectively,  from  the  powder  re.sulting  from  the  mixture  of  10  seem  of 
nitrogen  and  5  seem  of  TMA  with  50  seem  of  argim.  Fig.lb.  corresponds  to  the  mixed 
pattern  of  cubic  aluminum  nitride  and  cubic  aluminum.  The  broadening  of  the  rings  is 
attributed  to  the  closeness  of  the  lattice  parameters  of  aluminum  and  aluminum 
nitride  a  id  the  lack  of  resolution. 
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Figs.  3a.  and  b..  Electron  micrograph  and  diffraction  pattern  from  the  powder  (see 
text). 

A  further  increase  of  nitrogen  concentration  to  13  seem  with  5  seem  of  TMA  and  30 
seem  of  argon  resulted  in  the  cubic  aluminum  nitride  powder.  The  electron  diffraction 
pattern  exhibited  from  such  powder  is  shown  m  Fig.4. 


Fig.4.  Electron  diffraction  from  cubic  alu.ninum  nitride. 

Finally,  a  still  further  increase  oO  nitrogen  concentration  to  20  seem  with  the  same 
flow  rates  of  TMA  and  argon  resulted  m  hexagonal  aluminum  nitride.  Figs. 3a.  and 
5b.  show  electron  diffraction  and  electron  micrograph  from  such  powder.  The 
diffraction  pattern  could  be  indexed  on  the  basis  of  hexagonal  aluminum  nitride 
phase  with  a=3.11A  and  c=4.98A. 


Figs. 3a.  and  rb..  Electron  diffraction  pattern  and  micrograph  from  aluminum 
nitride 


Fig.6.  shows  the  electron  diffraction  pattern  exhibiting  spots  corresponding  to  the  c- 
periodicity  d(>uble  that  of  the  ususal  c-periodicitv  without  anv  change  in  the  a- 
periodicity.  This  is  evidence  ot  the  occurrence  of  polytypism  in  aluminum  nitride. 
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Fig.  6.,  Electron  diffraction  pattern  showing  double  c-periodicity  (polytypism). 

The  general  appearance  of  the  particles  of  silicon  carbide  in  TEM  is  shown  in 
Fig.7a.  The  powder  electron  diffraction  pattern  (Fig. 7b  )  from  the  particles 
collected  on  the  filler  corresponds  to  3C  modification  wirh  a  =  4.36  A.  The  flow 
rates  used  in  this  was  10  seem  of  silane,  4  seem  of  acetylene  and  160  seem  of  argon.  An 
extensive  investigation  of  a  large  number  of  isolated  particles  led  to  the  discovery 
of  different  polytypic  modifications  (18) 


Figs.7a.and  7b.,  Electron  micrograph  and  electron  diffraction  pattern  from  the  silicon 
carbide  powder 


When  the  flow  rates  for  silane  and  acetylene  were  increased  to  25  seem  of 
silane  and  10  seem  of  acetylene,  respectively,  the  resulting  particles  were  a  mixture 
of  silicon  and  silicon  carbide,  indfeating  that  increased  flow  rates  (decreased 
residence  time  in  the  plasma)  is  nt't  favorable  for  synthesizing  silicon  carbide. 
Fig.8.  shows  the  powder  diffraction  pattern  which  was  indexed  by  reflections  tor 
silicon  and  silicon  carbide  with  a  mixture  of  21 R  and  .3C.  Noticeably,  all  the  rings 
for  silicon  are  spotty.  This  implies  that  the  number  (if  silicon  particles  are  small 
relative  to  the  number  of  silicon  carbide  particles.  A  further  increase  in  the  flow 
rates  to  50  seem  of  silane  and  20  seem  of  acetylene  of  the  precursor  gases  resulted  in 
the  particles  rich  in  silicon.  The  electron  diffraction  from  these  is  shown  in  Fig.y. 


Figs.  8.  and  9.  The  elex:tron  diffraction  patterns  trtim  the  mixture  of  silicon  carbide  & 
silicon,  and  from  silicon  respectively  (see  text). 
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The  silicon  nitride  was  toimod  with  flow  rates  of  3  seem  of  silane,  13  seem  of 
nitrogen  and  30  seem  of  argon  (18). 

The  size  of  the  particles  was  determined  by  taking  a  dark  field  image 
partially  enclosing  the  rings  in  the  objective  aperture.  Figs. 10a.  and  lOb.  show  the 
bright  field  and  dark  field  images  from  aluminum  nitride  powder.  The  inset  in 
Fig. 10b.  shows  the  rings  partially  enclosed  in  the  aperture. 


eonmt 


Fig.lOa.  and  b..  The  bright  field  and  the  dark  field  images  from  aluminum  nitride 
powder.  The  inset  in  Fig.  10b.  shows  the  partial  rings  enclosed  in  the  aperture. 

Fig. 11  shows  the  AES  for  the  aluminum  nitride  powder.  The  oxygen  peak  is 
presumably  due  to  absorption  of  oxygen  by  the  fine  particles  during  their  transfer  to 
the  Auger  eiectriMi  microprobe. 


Fig.  1 1 AES  spectrum  for  aluminum  nitride  powder. 

Fig.12.  shows  the  XPS  data  from  the  silicon  carbide  particles.  The  particles 
were  cleaned  by  argon  ions  before  recording  the  spectrum.  The  peak  positions  for  the 
silicon  carbide  in  XPS  is  clcarlv  observed 
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Fig,12.,  XPS  spectrum  from  silicon  carbide  px>wdcr 


Figs.  13a.  and  13b.  show  the  AES  for  standard  silicon  carbide  and  the 
siliconcarbide  particles,  respectively.  It  can  be  noticed  that  the  signals  for  silicon 
and  carbon  in  the  two  spcctrums  arc  tallying  reasonably.  The  oxygen  peak  observed 
in  the  particles  spectrum  was  expected  due  to  the  fact  that  particles  were  supported 
on  magnesium  oxide  and  due  to  absorption  of  oxygen  by  fine  particles  during  their 
transfer  to  Auger  elc'ctron  microprobc. 


Figs.  13a.  andl3b.,  AES  data  from  standard  and  synthesized  silicon  carbide  powder. 

The  observations  provide  evidence  that  crystalline  aluminum  nitride,  silicon 
carbide  and  silicon  nitride  can  be  synthesized  in  a  non-thcrmal  microwave  plasma  of 
a  gas  mixture  of  precursor  gases  (  TMA  and  nitrogen  for  aluminum  nitride,  silane  and 
acetylene  for  silicon  carbide,  and  silane  and  nitrogen  for  silicon  nitride  )  and  diluent 
and/or  carrier  gas  argon.  These  particles  are  ultrafine  (-5  nm). 

The  flow  rates  of  the  precursor  gases  decide  the  concentration  and  the 
residence  time  in  the  plasma  ball  and  hence  play  an  important  role  in  the 
synthesis.  Larger  concentration  of  nitrogen  was  required  to  synthesise  aluminum 
nitride.  Presumably  this  increases  the  active  nitrogen  concentration.  Lower 
concentration  (lower  flow  rate)  of  nitrogen  resulted  in  cubic  aluminum  nitride.  An 
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evidence  for  the  occurrence  of  polytypism  in  aluminum  nitride  has  been  encountered 
too. 

The  observations  regarding  synthesis  of  silicon  carbide  revealed  that  silicon 
forms  at  higher  flow  rates,  (50  seem  of  silane)  .  At  medium  (13  seem)  flow  rates  a 
mixture  of  silicon  carbide  and  silicon  is  formexi.  At  lower  flow  rates  (4  seem)  only 
silicon  carbide  is  synthesized.  These  observations  support  the  idea  that  silicon 
carbide  is  formed  by  carborizing  the  silicon  nuclei  generated  by  microwave  ionization 
of  the  silane.  We  have  separately  investigated  effect  of  flow  rates  on  the 
crystallinity  of  silicoi}  resulting  from  triggering  the  microwave  plasma  in  the 
laminar  flow  of  the  mixture  of  silane  and  argon.  Varied  flow  rates  (and  hence  the 
varied  concentration)  of  silane  were  used:  5,10  and  20  seem  with  50  seem  of  argon. 
The  crystallinity  as  interpreted  from  the  width  of  the  x-ray  diffraction  peak  was 
found  to  be  the  best  for  the  intermediate  flow  rate  viz. 10  seem.  The  crystallinity 
corresponding  to  20  seem  of  silane  was  slightly  worse  than  that  for  10  seem  of  silane, 
and  the  crystallinity  for  5  seem  of  silane  was  the  worst.  It  is  remarkable  to  note 
that  the  flow  rates  of  silane  for  the  best  formation  of  silicon  carbide  and  the  best 
crystallinity  of  silicon  is  the  same,  namely  10  seem. 

The  aluminum  nitride  and  the  silicon  carbide  formed  exhibited  polytypism. 
The  occurrence  of  polytypism  in  the  nanometer  sized  particles  suggests  that  the 
polytypes  arc  formed  during  nucleation  (Jagodginskie's  theory)  and  not  during  growth 
(screw  dislocation  theory)  (Ref. 16  and  references  therein). 

Silicon  nitride  could  be  formed  within  a  narrow  range  of  flow  conditions. 

The  Auger  electron  spectroscopic  analysis  revealed  the  presence  of  oxygen  on 
the  surface.  This  is  expected  in  view  of  particles  being  ultrafine  and  exposed  to  the 
atmosphere  before  the  Auger  spectrum  analysis. 

4.  CONCLUSIONS 

•  The  nonthermal  synthesis  of  crystalline  nanoparticlcs  of  aluminum  nitride, 
silicon  carbide  and  silicon  nitride  is  possible. 

•  Aluminum  nitride  can  be  synthesized  in  cither  cubic  or  hexagonal 
modification  depending  on  the  synthesis  parameters, 

•  Aluminum  nitride  and  the  silicon  carbide  powders  exhibited  polytypism. 

•  The  occurrence  of  polytypism  in  ultrafine  powder  suggests  that  the 
polytypos  are  formed  at  the  nucleation. 
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Section  Vn.  Microwave  Applications  in 
Waste  Management 


THE  USE  OF  'SELF  HEATING'  CERAMICS  AS  CRUCIBLES  FOR 
MICROWAVE  MELTING  METALS  AND  NUCLEAR  WASTE  GLASS 


E.  F.  Sturcken 

Building  773-A,  Room  C-160 
Westinghouse  Savannah  River  Company 
Aiken,  South  Carolina,  29808-0001 


ABSTRACT 

Silicon  carbide  (SiC)  crucibles  were  used  to  melt  aluminum  and  copper 
in  conventional  and  tuned  microwave  cavities  at  a  microwave  frequency 
of  2450  MHz.  SiC  crucibles  were  also  used  to  vitrify  and  homog-  nize 
mixtures  of  nuclear  waste  and  glass  frit. 

BACKGROUND 

Microwave  heating  offers  a  number  of  advantages  over  conventional 
electric  furnace  heating  in  radioactive  environments.  Heating  is  faster 
and  cooling  is  faster  since,  when  the  microwaves  are  switched  off,  no 
insulated  heating  coils  are  present  to  delay  cooling.  The  sample  is 
contained  in  microwave  transparent  insulation  and  the  magnetron  is 
isolated  from  the  cavity  so  contamination  incidents  are  more  easily 
controlled.  The  microwave  unit  can  easily  be  remoted,  [1] ,  so  that  the 
electric  and  electronic  components  are  located  outside  the  radiation  cell, 
thereby  simplifying  operation  and  reducing  maintenance. 

A  number  of  materials  can  be  heated  by  applying  energy  to  them  in  the 
form  of  high  frequency  electromagnetic  waves.  [2] .  The  mechanism  of 
heating  depends  on  the  nature  of  the  material,  i.e.,  its  electronic, 
molecular  and  crystalline  structure  and  its  microstructure  and  impurity 
content. 


Nolt:  This  paper  also  appears  in  Ceramic  Transactions  Vol.  23:  Nuclear, Waste  Management  IV. 
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Dielectric  heating  has  its  origin  in  the  ability  of  tt)e  applied  high 
frequency  electric  field  to  polarize  the  charges  in  the  material  and  tiie 
inability  of  this  polarization  to  remain  in  phase  with  the  extremely  rapid 
reversals  of  the  field.  There  can  also  be  heating  due  to  relaxation  and 
resonance  processes  under  the  influence  of  the  alternating  magnetic 
field.  In  addition  conduction  type  heating  occurs  due  to  charge  particles 
forming  conducting  paths  under  the  influence  of  the  applied  field. 

The  first  application  of  microwave  heating  to  ceramics  was  due  to  M.  L. 
Levinson,  [3,4] ,  vrho  patented  a  “Microwave  Kiln*  in  1969  and  'Methods 
of  Firing  Ceramic  Articles  Utilizing  Microwave  Energy*  in  1971. 

A  furnace  with  more  uniform  heating  and  rer  Jiring  less  miaowave  power 
was  patented,  [5] ,  in  1981  by  S.  Maeda,  Y.  Minowa  and  H.  Komura.  The 
unit  employs  Zr02  and  ZnO  as  heating  materials. 

A  microwave  muffle  furnace  employing  SiC  components  was  described 
by  E.  D.  Neas  and  M.  J.Cotlins,  [6] .  The  heating  elements  for  the 
furnaces  are  housed  in  microwave  transparent  refractory  insulators  and 
the  furnaces  fit  into  conventional  size  microwave  ovens. 

Materials  that  have  high  absorption  factors  for  microwaves  are  described 
as  ‘lossy*  and  heat  rapidly,  even  in  conventional  microwave  units  with 
nominal  powers,  e.g.,600  watts.  Some  examples  of  lossy  ceramics  are 

SiC,  Zr02,  ZnO,  UO2,  UsOg,  and  PUO2  (see  other  papers  in  this  book). 

The  crucible  material  for  the  present  studies  was  SiC.  The  first 
microwave  application  of  SiC  was  its  use  as  a  high  effidency  'dummy 
load'  to  absorb  radar  and  prevent  its  escape  during  tuning  of  radar 
transmitters  for  military  application,  where  secrecy  of  location  was 
important  to  the  security  of  the  device. 

MELTING  NUCLEAR  WASTE  GLASS 

SiC  crudbles  and  a  muffle  furnace,  [6] ,  constructed  of  SiC  components, 
were  both  used  to  vitrify  and  homogenize  mixtures  of  simulated  nuclear 
waste  and  glass  frit.  The  SiC  for  the  crucibles  and  the  muffle  furnace  was 
housed  in  microwave  transparent  fused  quartz  foam  insulation. 
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The  microwave  systems  used  for  melting  the  nudear  waste  glasses  were 
850  watt  multimode  cormierdal  units  with  furnace  temperature  controls 
of  +/-  5  oC. 

In  the  Floyd  miaowave  system,  an  AI2O3  crucible  containing  the  mixture 
of  simulated  nuclear  waste  and  glass  frit,  was  contained  in  an  SiC 
crucible  which  was  rnounted  in  a  block  of  fused  quartz  foam  insulation. 
The  insulation  block  was  split  In  two  with  cylindrical  holes  in  the  top  and 
bottom  so  that  the  SiC  crucible  fit  snugly  into  the  holes. 

The  CEM  Corporation  microwave  system  and  muffle  furnace* 
arrangement  is  shovm  in  Fig.  1.  Heating  was  more  rapid  and  required 
less  power  with  the  SiC  crucible  than  the  SiC  muffle  furnace  since  the 
heat  source  was  more  insulated  and  closer  to  the  sample. 


fan  control 


MDS  Heating  System 


Figure  1 .  Muffle  Furnace  Arrangement  For  Melting  Glass. 


*  Model  MDS-205,  CEM  Corporation,  Matthews,  N.C.  28105 
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The  Floyd,  Inc.,  microwave  system*  is  more  suitable  for  the  Defense 
Waste  Processing  Facility  (DWPF)  since  it  is  already  remoted  for 
operation  in  environments  that  are  either  corrosive  or  contain  a  high  level 
of  nudear  radiation  tiiat  is  harmful  to  personnel  and  deteriorate  the 
physical,  mechanical  and  electronic  properties  of  the  instrument. 

The  dimensions  of  the  SiC  crucibles**  were  .044  m  (1.75  in.)  O  D  X  .038 
m  (1.50  in.)  I.D.  by  .089  m  (3.50  in.)  length.  The  length  was  reduced  to 
.051  m  (2.00  in.)  for  these  experiments. 

To  localize  the  heating  and  preserve  the  SiC  crucible  for  further  melts, 
the  material  to  be  melted  was  placed  in  a  R,  MgO,  AI2O3  or  BN  crucible 
vi4iich  was  in  turn  placed  in  the  SiC  crucible. 

Platinum  artd  other  metals  do  not  arc  when  enclosed  in  SiC  crucibles  or 
furnaces  in  the  microwave  cavity  because  the  'lossy'  SiC  absorbs  nearly 
100%  of  the  microwaves,  heats  rapidly  and  in  turn  heats  the  metal.  The 
SiC  muffle  furnace  reached  a  temperature  of  1100  °  C  in  about  15 
minutes  and  the  SiC  crudbles  in  about  10  minutes  due  to  their  smaller 
mass. 

Mixtures  of  3  to  15  grams  of  simulated  nuclear  waste  and  glass  frit  were 
melted  and  homogenized  in  platinum  and  AI2O3  crucibles  in  less  than  10 
minutes.  These  nuclear  waste  glasses  are  discussed  by  C.M.  Jantzen  in 
the  next  paper  of  this  book,  'Characterization  of  Radioactive  Waste 
Melter  Feed  Vitrified  by  Microwave  Energy”. 

The  molten  liquid  glass  was  observed  to  be  extremely  mobile  during 
microwave  melting;  displaying  a  wave  like  and  sometimes  bubbling 
motion.  This  natural  agitation  is  probably  due  to  the  high  thermal  and 
field  intensity  gradients  inherent  in  microwave  heating  and  considerably 
enhances  homogenization  and  diffusion  in  the  molten  liquid. 


*  Model  RMS-150,  Floyd  Inc.,  Lake  Wylie,  S.  C.  29710 

**  Cryston,  type  CN-137,  Si3N4  bonded  SiC,  Norton  Company, 
Worcester,  MA.,  01615 
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MELTING  METALS 


Metals  can  be  heated,  melted  or  reacted  with  other  materials  in  a 
microwave  cavity  by  placing  the  metal  in  a  SiC  crucible  or  other  ceramic 
crucible  which  has  a  high  absorption  factor  for  microwaves. 

The  SiC  crucible  rapidly  heats  by  absorbing  nearly  100  percent  of  the 
microwaves  then  trarv^ers  the  heat  to  the  metal.  The  caveat  of  metal 
melting  is  oxidation;  hence  all  melting  must  be  performed  in  an  inert 
atmosphere  or  urrder  vacuum. 

Copper  was  melted  using  a  2  kilowatt,  resonant  cavity  microwave 
system*.  Fig.  2.  The  “tuned*  single  mode  cavity  provided  a  higher 
microwave  field  intensity  through  direct  coupling  of  the  microwave 
energy  with  the  SiC  crucible  and  the  metal  sample. 


Figure  2.  Wavemat  Tunable  Microwave  Cavity. 


*  Model  MCR-1300,  Wavemat,  Inc.,  Plymouth,  Ml.,  4817 
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In  these  experiments,  the  cavity  dimensions  were  continuously  adjusted 
,  i.e.,  'tuned*,  to  maximize  microwave  absorption  as  it  changed  with 
increasing  temperature.  The  copper  was  completely  melted  (m.p.  =  1085 

°  C)  in  less  than  20  minutes  using  a  net  power  of  575  watts. 

The  dimensions  of  the  cavity,  Fig.  2,  were  changed  with  the  vernier 
controiled  sliding  ‘short*  at  ^e  top  of  the  cavity  and  the  adjustable 
microwavG  ‘launch*  probe  in  the  wall  cavity  on  the  right  side. 

The  sample  mounting  stage  is  shown  at  the  bottom  in  the  open  position. 
The  inlet  and  outlet  for  gas  are  located  on  the  top  and  bottom  of  the 
cavity.  The  cavity  is  water  cooled. 

The  temperature  is  sensed  through  the  front  glass  port  by  an  optical  fiber 
thermometer  system  attached  to  the  right  side  of  tiie  instrument  panel. 
The  microwave  cavity  was  designed  so  that  an  inert  gas  could 
continuously  flow  over  the  sample. 

Argon  and  nitrogen  gases  were  employed  in  the  present  experiments; 
however  nitrogen  caused  a  black  oxide  to  form  over  tiie  melt.  An  open 
port  is  available  in  the  top  of  the  cavity  to  observe  or  video  tape  the 
appearance  of  the  sample  as  it  heats.  After  melting,  the  copper  was 
observed  to  bubble  profusely  throughout  the  crucible  until  the  microwave 
power  was  turned  off. 

As  suggested  in  tiie  case  of  tiie  glass,  ffie  bubbling  is  believed  to  be  due 
to  the  field  intensity  and  associated  thermal  gradients  inherent  in  the 
miaowave  heating  process.  The  stirring  action  provided  by  bubbling 
should  enhance  diffusion  and  homogenization  and  eliminate  the  need 
for  mechanical  stirrers  required  for  carrying  out  some  sluggish  chemical 
reactions,e.g.,  molten  salt  reductions  of  metal  oxides. 

To  preserve  the  SiC  crucible  for  further  melts  the  copper  cylinder,  .016  m 
(0.625  in.)  diameter  X  .038  m  (1.5  in.)  Iength,was  inserted  in  an  MgO 
crudble,  .032  m  (1.25  in.)  OD  X  .025  m  (1.00  in.)  ID  X  .064  m  (2.5  in.) 
length.  The  MgO  crudWe  was  in  turn  inserted  in  the  SiC  crucible  whose 
dimensions  were  .064  m  (1.8  *n.)  OD  X  .038  m  (1.5  in.)  ID  X  .064  m 
(2.5  in.)  length.  The  MgO  crucible  was  relatively  transparent  to  the 
microwave  radiation. 
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Metals  may  also  be  melted  with  the  multimode  units  discussed  above  as 
long  as  an  inert  gas  or  vacuum  environment  is  provided  . 

For  all  of  these  units,  tfie  mass  of  the  'lossy'  material,  i.e.,  the  SiC 
crucible,  or  the  argon  pressure  must  be  adjusted  to  prevent  breakdown 
of  the  argon  into  a  plasma  by  the  microwaves. 

CONCLUSIONS 

SiC  crucibles  heated  by  microwaves  were  used  as  secondary  containers 
to  melt  and  homogenize  mixtures  of  nudear  waste  and  glass  frit  and  to 
melt  metals. 

The  microwave  heating  system  is  more  flexible  and  efficient  since  the 
mass  and  geometry  of  flie  crucible  or  muffle  furnace  can  be  designed  to 
provide  the  required  power  and  be  located  closer  to  the  sample  than  in 
conventional  furnaces. 

During  microwave  melting  the  molten  liquid  is  agitated  by  bubbling  and 
wave  like  motion;  hence  reaction  rates  and  homogenization  are 
enhanced. 
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CHARACTERIZATION  OF  RADIOACTIVE  WASTE  MELTER  FEED 
VITRIFIED  BV  MICROWAVE  ENERGY 


Carol  M.  Jantzen  and  James  R.  Cadieux 
Wcstinghouse  Savannah  River  Co. 
Savannah  River  Laboratory 
Aiken,  SC  29808 


ABSmACT 

Liquid  high-level  nuclear  waste  will  be  immobilized  at  the  Savannah  River  Site  (SRS)  by 
vitrification  in  borosilicate  glass.  The  glass  will  be  processed  in  the  Defense  Waste  Processing 
Facility  (DWPF)  and  poured  into  stainless  steel  canisters  for  eventual  disposal  in  a  geologic 
repository.  Vitrification  of  melter  feed  samples  is  necessary  for  DWPF  process  and  product 
control.  Microwave  fusion  of  melter  feed  at  -1200^^  for  10  minutes  has  been  shown  to  yield 
homogeneous  glasses  comparable  to  those  melted  in  a  conventional  furnace  for  4  hours. 
Microwave  fusion  at  lower  tempemtures  for  longer  times  was  found  to  crystallize  NiFe204 

spinel.  The  use  of  higher  temperatures  was  determined  to  cause  significant  volatilization  and 
recrystallization  of  the  glass.  Redox  measurements  indicated  that  microwave  vitrification  of 

melter  slurries  may  also  yield  more  representative  measures  of  glass  Fe^‘*'/EFe  ratio  of  the  glass 
which  is  important  to  melter  prxKessing  of  the  glass. 


INTRODUCTION 

Liquid  high-level  nuclear  waste  will  be  immobilized  at  the  Savannah  River  Site  (SRS)  by 
vitrification  into  borosilicate  glass  at  the  Defense  Waste  Processing  Facility  (DWPF).  In  this 
facility,  control  of  the  oxidation/reduction  (redox)  equilibrium  in  the  glass  melter  is  critical  for 

processirg  of  the  nuclear  waste.  The  glass  needs  to  be  somewhat  reducing  to  minimize  foaming* 
of  the  melt  and  devitrification  of  the  glass.^  However,  overly  reducing  conditions  may  cause 
metallic  species  to  form  in  the  melt.  The  metallic  species  can  agglomerate,  settle  to  the  floor  of 

the  melter,  and  potentially  short  the  electrodes  in  the  joule-heated  melter.^'®  As  part  of  the 
DWPF  process  control  strategy,  the  glass  redox  expected  in  the  melter  will  be  determined  by 

measuring  the  ratio  of  Fe^‘*’/IFe  in  vitrified  slurry  from  the  Slurry  Mix  Evaporator,  SME 
(Figure  1).^’®  Chemical  analysis  of  the  vitrified  SME  feed  will  be  used  to  ensure  that  other 
process  control  constraints  are  satisfied.^  These  constraints  arc  related  to  glass  viscosity, 
liquidus,  and  waste  compwnent  solubility.***  The  vitrified  SME  product  must  meet  these 


Note:  This  paper  also  appears  in  Ceramic  Transactions  Vol  23;  Nuclear  Waste  Management  IV. 
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constraints  before  the  feed  can  be  sent  to  the  Melter  Feed  Tank  (MFT)  and  subsequently  to  the 
DWPF  melter  (Figure  1). 

The  glass  melted  in  the  DWPF  will  be  poured  into  stainless  steel  canisters  for  eventual  disposal 
in  a  geologic  repository.  The  canistered  borosilicate  waste  glass  must  comply  with  die  Waste 
Acceptance  Preliminary  Specifications  (WAPS)  established  by  the  DOE  Office  of  Civilian 

Radioactive  Waste  Management^  ^  Specification  1.1.2  requires  the  elemental  composition  of 
the  glass  waste  form  be  reported  for  all  elements  present  in  concentrations  greater  than  0.S 
percent  by  weight  According  to  current  plans  for  the  DWPF  analytical  facility,  elemental 
analyses  will  be  performed  on  the  vitrified  melter  feed  from  the  MFT 


TANK  r ABM 

SOtUBiXSALT  aumcB 


Figure  1 .  Schematic  of  the  glass  melting  process  in  the  Defense  Waste  Processing  Facility 
(DWPF). 
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Melter  feed  slurries  cont^n  many  anionic  components  other  than  oxygen,  making  an  oxide  basis 
calculation  difficult  Moreover,  the  slurries  contain  considerable  amounts  of  organics,  formic  acid 
and  tetraphenylboratc.  After  vitrification,  however,  oxygen  can  be  assumed  to  be  the  only  anion 
present  in  the  waste  glass,  and  the  vitrified  glass  can  be  analyzed  simultaneously  with  NIST 

(National  Institute  of  Standards  and  Testing)  standard  glasses  for  greater  precision  and  accuracy.^ 

Conventional  vitrification  of  SME/MFT  slurries  takes  4  hours  at  the  DWPF  melt  temperature 
of  ll-OXI.  The  fusions  are. carried  out  in  sealed  crucibles  so  that  the  carbon  volatilizing  from 

organics  controls  the  oxygen  fugacity,  fO^.  of  the  atmosphere  in  the  crucibleJ’^  The  oxygen 
fugacity,  in  turn,  controls  the  equilibrium  between  the  oxidized  Mn203  and  Fe203  and  the 
reduced  MnO  and  FeO  species  in  the  glass. 

Microwave  fusions  of  crushed  rock  with  1^28407  added  as  a  flux  have  been  shown  to  produce 

very  homogeneous  glass  in  24  minutes,^^  presumably  due  to  the  rapid  convection  in  the 

crucible.  This  technology  has  now  been  applied^  ^  to  the  vitrification  of  simulated  ni  clear  waste 
slurries.  Microwave  slurry  vitrification  has  been  shown  to  significantly  reduce  the  time  required 

to  vitrify  slurry  samples.  In  this  study,  the  homogeneity  and  redox  ratio  of  microwave 
vitrified  slurries  were  examined.  The  redox  ratio  was  determined  from  the  equilibrium 

in  the  glass  produced.  This  enabled  the  optimum  time  and  temperature  for  microwave 
vitrification  of  melter  slurries  to  be  determined. 

EXPERIMENTAL 

In  the  preliminary  experiments,  a  wide  range  of  variables  and  conditions  were  tested  at  the 
vendor’s  establishment.  Small  amounts  of  sample  were  used  and  the  usage  of  AI2O3  crucibles, 

used  in  conventional  vitrification,  was  not  examined.  The  sample  size  tanged  Grom  1-10  grams. 
Simulated  SME  slurry  was  dried  in  a  conventional  oven  while  other  portions  were  dried  in  the 
microwave  furnace  at  10%  power  for  20  minutes  (Table  1).  In  these  tests  open  porcelain,  silica, 
and  platinum  crucibles  were  used  and  microwave  furnaces  of  different  wattage  were  tested.^  ^ 
The  microwave  fusions  were  carried  out  at  varying  times  and  temperatures  (Table  I)-  Each 
vitrified  sample  was  submitted  for  x-ray  diffraction  (XRD)  analysis  so  mat  the  homogeneity  of 
the  resulting  glass  could  be  determined.  For  glasses  which  were  not  homogeneous,  the 
crystalline  phase  content  was  determined  by  XRD.  There  was  sufficient  material  to  analyze  the 
Fc^'*’/IFc  ratio  of  two  of  the  samples  L:  duplicate.  Conventional  vitrification  of  the  same  slurry 
was  carried  out  in  duplicate  in  closed  crucibles  at  1 1 5(fC  for  periods  of  1  hour  and  4  hours.  The 
comparative  redox  ratios  were  determined. 

In  a  second  set  of  experiments,  the  LWPF  reference  sample  size  and  temperature  were  used 
(Table  II).  The  tests  were  carried  out  at  the  Savannah  River  Laboratory  with  a  CEM 
Corporation  microwave.  The  performance  of  AI2O3  and  Pt  crucibles  were  compared.  The 

reference  sample  size  was  40  to  60  ml.  of  well  characterized  synthetic  SME  slurries.  The 
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Table  I.  Characterization  of  Preliminary  Microwave  Vitrified  Melter  Slurries 


Total 

Crystal 

Starting 

Temp 

Time 

Type  of 

Phases 

jtunNa 

Material 

CQ. 

(mini 

Ciuciblc 

Present 

1 

dried 

slurry 

1100 

45 

porcelain 

NiFe204  spinel 

2 

dried 

slurry 

1100 

240 

porcelain 

NiFe204  spinel 
&  ^^2^3 

4* 

dried 

slurry 

-1500 

20 

porcelain 

Fe304  spinel 
&  MgSi03 
(enstatite)  & 
2Si02»3Al203 
(mullite)  & 

AI2O3 

5* 

micro- 

wave 

dried 

slurry 

-1500 

5 

porcelain 

M"1.5^M.504  & 
NiFe204  spinel 
&  2Si02*3Al203 
(mullite)  & 

AI2O3 

7* 

micro- 

wave 

dried 

slurry 

1200 

10 

porcelain 

None 

8* 

dried 

slurry 

1200 

10 

Pt 

None 

9» 

dried 
slurry 
+  165 
black  frit 

1200 

10 

Si02 

None 

*  Vitrified  in  1000-wau  CEM  Model  MDS'205  oven;  Runs  1  and  2  were  vitrified  in  a  600- 
watt  CEM  Model  MDS-81D  microwave  dissolution  oven  that  was  not  designed  as  a  higher 
temperature  oven. 
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Table  H.  Characterization  of  DWPF  Reference  Slurries  Vitrified  by  Kficrowave 


Ruh-Nq. 

Starting 

Material 

Amount 

fmU 

Temp 

CQ 

Total 

Time 

(mini 

Crucible 

Crystal 

Phases 

Present 

1 

microwave 

60 

1150 

15 

AI2O3 

None 

dried 

slurry 

2 

IR 

dried 

slurry 

60 

1150 

15 

Pt 

None 

3 

microwave 

dried 

slurry 

60 

1150 

15 

AI2OJ 

None 

4 

microwave 

dried 

slurry 

60 

1150 

15 

Pt 

None 

5 

microwave 

dried 

slurry 

40 

1153 

19 

AI2O3 

None 

6 

DVPF 
startup 
fiit  (dry) 

20g 

1150 

15 

Pt 

None 

7* 

microwave 

dried 

slurry 

40 

1150 

15 

Pt 

Si02 

8‘ 

slurry 

60 

1150 

4  hrs 

AI2O3 

None 

9*t 

slurry 

60 

1150 

4  hrs 

AI2O3 

Si02 

*  Si02  due  to  additions  of  excess  fiit  to  these  slurries 
t  Melted  in  a  conventional  oven  for  4  hours  for  comparison 
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slurries  wcie  dried  in  the  CEM  Coipotation  microwave  furnace  at  10  to  20%  power.  Because  of 
the  large  slurry  volumes  the  evaporation  took  ~  3  hours.  Vitrifications  were  carried  out  in 
covered  Pt  and  alumina  crucibles  at  -1  ISffC  for  15  minutes  (Table  II).  The  1 150^  temperature 
was  used  in  these  experiments  because  it  is  the  temperature  that  will  be  used  to  melt  nuclear 
waste  glass  in  the  DWPF.  Each  viuified  sample  was  submitted  for  XRD  analysis  so  that  the 
homogeneity  of  the  resulting  glass  could  be  determined.  For  glasses  which  were  not 
homogeneous,  the  crystalline  phase  content  was  determined  by  XRD.  Elemental  composition 
and  redox  determinations  of  these  samples  will  be  performed  in  the  future. 

The  KWO-watt  CEM  microwave  furnace,  model  CEM  MDS-205,  was  used  for  some  of  the 
preliminary  experiments  and  for  all  of  the  DWPF  reference  set  of  experiments.  This  furnace  has 
silicon  carbide  heating  elements  of  l/2'’-thick  disk  and  bars  in  a  2”  thick  refiactory  shell,  which 
surrounds  the  60  mL  crucibles  of  slurry.  The  shell  has  a  removable  top  to  allow  insertion  and 
removal  of  the  sample  crucible.  During  sample  drying,  the  microwave  was  operated  at  10-20% 
power  with  the  top  removed.  A  high  forced  air  flow,  used  to  keep  the  interior  of  the  microwave 
cool,  aided  the  evaporation.  The  rate  of  drying  was  limited  by  splattering  of  the  viscous  sluiry. 
After  evaporation  to  a  thick,  nonflowing  consistency,  the  top  was  replaced  and  the  samples  were 
heated  at  full  power  to  1150^.  The  refractory,  silicon  carbide,  and  crucible  took  about  35 
minutes  to  reach  1150°C.  Temperature  was  monitored  by  a  thermocouple  penetrating  the 

refractory/  to  within  1/4”  of  the  crucible  and  controlled  to  within  ±5‘C‘  After  15  minutes,  the 
reftactory  block  containing  the  crucible  could  be  taken  from  the  microwave.  The  top  half  of  the 
refractory  was  removed  and  the  crucible  lifted  out  to  cool. 


RESULTS  AND  DISCUSSION 

X-ray  diffraction  analysis  of  the  dried  SME  slurries  from  the  preliminary  experiments  indicated 
that  the  12(X)‘C  heat  treatment  for  10  minutes  produced  totally  amorphous  and  homogeneous 
glass  regardless  of  whether  the  crucible  was  porcelain,  Pt,  or  Si02  (Table  I).  This  is  the  test 

temperature  that  most  closely  represents  the  DWPF  reference  melt  temperature  of  1 1 

Slurries  which  had  been  dried  and  then  heated  at  llOOKl,  -50°C  below  the  1150'C  melt 
temperature,  for  3/4  to  2  hours  formed  NiFe204  spinel  and  AI2O3  (Table  I).  The  presence  of 
AI2O3  indicates  that  reaction  of  the  glass  with  the  porcelain  crucible  had  occurred.  The  presence 
of  spinel  indicate  that  the  heat  treatment  temperature  was  below  the  glass  liquidus  which  caused 
the  glass  to  crystallize. 

Slurries  which  had  been  dried  and  then  vitrified  at  15(X)X;  for  5  and  20  minutes  formed  several 
crystalline  phases  due  to  the  decomposition  of  the  glass  (Table  I).  This  decomposition  was 
caused  by  a  combination  of  alkali  vaporization  and  decomposition  of  the  porcelain  crucibles, 
which  only  tolerate  maximum  temperatures  of  -1250’^!.  The  crystalline  phases  observed 
included  various  spinels,  mullite  (2Si02’3Al203),  and  some  magnesium  or  magnesium-iron 

silicate  (enstatitc  or  magnesioferrite  solid  solution  in  the  pyroxene  family). 
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The  ratio  was  only  measured  on  the  homogeneous  glasses  foimed  during  Runs  8  and  9 

because  there  was  insufficient  samples  for  the  other  runs  (Table  !)•  8  was  fabricated  from 

dried  slurry  and  Run  9  was  fabricated  from  1/4  dried  slurry  and  3/4  simulated  nuclear  waste  glass 
165,  which  had  been  purchased  from  a  vendor  as  a  “blacl:"  frit-like  glass  making  material.  The 

redox  values  measured  varied  from  0.12  to  O.IS,  which  is  less  than  the  0.33  Fe^'*'/ZFe  ratio 
specified  for  DWPF  operation.^  Conventional  vinification  of  the  same  SME  slurry  for  1  hour 
and  4  hours  indicated  that  the  Fe^'^/ZFe  ratio  was  very  oxidizing  with  values  ranging  between 
0.004-0.017.  This  indicates  that  the  use  of  open  crucibles  during  microwave  fusion  of  DWPF 
slurries  may  give  a  conservative  (overly  reduced)  Fe^'*'/2Fe  ratio  due  to  the  rapidity  of  the 
reactions. 

During  the  DWPF  reference  experiments,  directed  heating  of  the  area  immediately  around  the 
sample  with  microwave  energy  was  found  to  be  very  effective  and  to  allow  rapid  cycling  of 
samples.  Customizing  the  shape  of  the  refractory  heating  block  provided  the  optimum  geometry 
for  the  experiments.  Using  the  microwave  to  both  dry  and  vitrify  40-60  mL  of  slurry  has 
significant  advantages  for  processing  radioactive  material  where  space  in  contained  and  shielded 
areas  is  limited  and  remote  handling  of  sample  transfers  is  difficult 

It  was  also  determined  that  the  vitrified  glass  samples  could  be  removed  more  easily  from  the  Pt 
crucibles  than  from  the  alumina  crucibles.  This  was  achieved  by  thermally  shocking  the  bottom 
of  a  warm  Pt  crucible  containing  the  glass  on  a  cold  surface  and  then  mechanically  flexing  the 
sides  of  the  crucible.  The  glass  usually  “popped”  out  cleanly  in  one  or  two  large  chucks  leaving 
little  or  no  residue  on  the  inside  of  the  Pt  crucible.  The  alumina  crucibles  usually  cracked  or 
shattered  on  cooling  with  much  if  not  most  of  the  glass  firmly  embedded  on  the  alumina  shell. 
The  use  of  Pi  crucibles  will,  therefore,  eliminate  the  need  to  dispose  of  ct  ■  .  mated  alumina 
crucibles  in  DWPF. 

Nearly  ell  of  the  glasses  vitrified  in  the  CEM  MDS-205  at  115(yc  for  15  minutes  were 
homogeneous  (Table  II).  Only  one  sample,  Run  7,  contained  crystalline  Si02.  Samples  were 
also  melted  in  a  conventional  furnace  for  4  hours  for  comparison  (Run  8  and  9,  Table  D).  One 
of  these  samples  also  contained  crystalline  Si02  since  some  excess  glass  forming  fiit  had  been 
added  to  this  slurry. 


CONCLUSIONS 

Microwave  vitrification  has  been  shown  to  be  an  acceptable  process  for  fabricating  homogeneous 
glass  samples  for  DWPF  process  control  and  WAPS  reporting.  A  1000-watt  CEM  MDS-205 
microwave  with  a  ceramic  susceptor  block  in  which  the  crucible  was  placed  was  found  to  give 
the  most  rapid  and  reproducible  temperature  response.  The  glasses  fused  for  10-15  minutes  at 
1150-1200°C  yielded  the  most  homogeneous  glasses.  Longer  limes  and  lower  temperatures 
cause  the  formation  of  spinel  while  higher  temperatures  and  shorter  times  cause  significant 
volatilization  of  alkali  and  recrystallization  of  the  glass.  Pt  crucibles  were  found  to  be 
completely  reusable.  Use  of  Pt  crucibles  in  DWPF  would  eliminate  the  disposal  problems 
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associated  with  the  usage  of  alumina  crucibles,  which  become  contaminated  during  the  slurry 
vitrification. 

Microwave  vitriHcation  appeared  to  form  more  homogeneous  glass  than  conventional 
vitrification.  This  may  be  attributed  to  the  rapid  thermal  convection  currents  set  up  in  the 
crucible  during  the  intense  microwave  treatment  as  noted  in  glasses  fabricated  from  crushed  rock 

with  Li2B407.*^ 

Drying  of  small  amounts  of  slurry  before  vitrification,  can  be  achieved  in  the  microwave  at  10% 
power  in  20  minutes.  Larger  volumes  of  slurry  can  take  up  to  3  hours.  Since  vitrification  takes 
only  10  minutes  the  entire  DWPF  glass  fabrication  procedure  can  be  reduced  from  the  current  4- 
hour  duration  to  30  minutes  if  small  amounts  of  slurry  are  used.  This  is  actually  a  larger 
reduction  in  time  since  ~2  hours  drying  is  also  necessary  for  conventional  vitrification. 

Comparison  of  ratios  from  the  1200‘C/10-minutc  microwave  vitrification  in  open 

crucibles  demonstrated  that  these  glasses  were  more  reduced  than  those  vitrified  in  a  conventional 
oven  at  IISOC  for  1  and  4  hours.  The  microwave  vitrification  may,  therefore,  yield  a  more 
conservative  measure  of  glass  redox  than  conventional  vitrification.  The  rqiroducibility  of  the 
redox  measurement  is  currently  under  investigation. 
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ABSTRACT 

The  objective  of  this  study  was  to  determine  the  effect  of  microwave  procc.s,sing  on 
nuclear  waste  glass  properties.  Several  experiments  were  carried  out  using  microwave  heating 
techniques  using  b  irosilicate  glass  frit  containing  simulated  nuclear  waste  material  and  borosilicatc 
glass  frit  without  waste  products.  A  time  study  was  conducted  to  determine  whether  or  not 
microwave  processing  can  produce  a  homogeneous  glass  melt  (in  less  time)  when  compared  with 
conventional  heating  methods.  Surface  analysis  techniques  such  as  FTIRRS  and  SEM  were 
conducted  to  determine  the  quality  of  the  glasses.  Some  preliminary  short-term  leaching 
experiments  were  run  to  begin  determination  of  the  durability  of  waste  glas.ses  processed  using 
micro  vavc  heating. 


INTRODUCTION 

In  the  United  States  today  there  arc  approximately  1(X)  million  gallons  of  high  level 
radioactive  waste  (1).  The  current  strategy  for  storage  of  this  waste  is  in  underground  steel  tanks. 
Most  of  thc.se  tanks  were  constructed  in  the  late  1940's  and  early  1950’s  and  arc  approaching  the 
end  of  their  projected  lifespans.  Because  of  this  and  the  need  to  find  a  safe  long-term  disposal 
method,  researchers  arc  investigating  several  proposed  systems  of  waste  encapsulation. 

Most  countries  including  the  United  States,  who  have  made  a  choice,  have  selected 
vinification  in  a  borosilicatc  matrix  for  long-term  disposal  of  their  waste.  One  result  of  this 
extensive  research  and  selection  process  is  the  Defense  Waste  Processing  Facility  at  Savannah 
River.  This  facility  which  is95-S>9%  complete  will  process  over  1.5  tons  of  glass/wastc  per  day 
when  fully  operational. 

There  is  precedence  for  the  use  of  microwave  energy  for  drying,  sintering  and  joining 
ceramic  materials  (2-6],  The  preliminary  work  presented  in  this  paper  proposes  perhaps  the  next 
iteration  for  a  radioactive  waste  processing  facility.  The  objective  of  the  study  was  to  determine 
whether  or  not  simulated  nuclear  waste  glass  frits  could  be  successfully  melted  using  microwave 

Not*;  This  paper  also  appears  in  Ceramic  Transactions  Vol,  23:  Nuclear  Waste  Management  IV. 
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energy  [2),  and  if  so,  what  period  of  lime  would  be  required  to  aehieve  a  homogeneous  melt,  and 
Hnaliy,  would  the  chemical  durability  of  the  glass  be  retained.  The  experimental  procedure  for  this 
application  is  described  below. 


KXPKRlMisMAL 

Kquipment/Malerials 

The  microwave  energy  source  used  in  all  experiments  was  a  RadarLinc'  microwave 
operating  at  2.45CiH/.  K-lype  thermocouples’  were  u.scd  to  determine  tltc  temperature  of  the 
sample  and  a  Fisher  X-Y  recorder  was  connected  to  the  ihcr:n<x;ouplc  to  •vcord  sample  temperature 
versus  time.  Alumina  crucibles  were  used  to  contain  lire  m  li.  Borosilicatc  glass  IriLs  (SRL-165 
and  SRL-  l65/29.8wt%  TDS)  were  obtained  from  Westinghouse  Savannah  River  Co. 

Procedure 

The  compositions  of  the  glass  frits  are  shown  in  Table  I  and  were  used  as  received  with 
the  exception  of  tlie  mixed  frit  samples.  In  the  Itcating  rate  cx|ieriment,  20  gram  samples  were 
weighed  out  for  the  SRL-165,  llie  SRL- 16.5/29. 8wi%  TDS  and  a  mixture  of  the  two  frits  containing 
ISwt%  TDS.  The  mixed  frit  sample  was  milled  for  24  hours  prior  to  melting  to  assure  complete 
mixing  of  the  two  frits.  The  samples  were  placed  in  fused  silica  crucibles  and  .set  inside  a  SiC 
lined  /.irconia  .susceptor.  A  thermocouple  was  then  inserted  into  the  sample.  The  duty  cycle  was 
set  at  70%  and  the  power  was  adjusted  by  activating  two  of  the  magnetrons  (8(X)  watts  each).  The 
microwave  and  X-Y  recorder  were  turned  on  simultaneously.  The  glass  samples  ramped  up  to  the 
acccptcrl  melting  pttint  for  thc.se.  compositions  ( 1 1 SO'C)  in  approximately  1 7  minutes  and  were  held 
at  dial  temperature  for  10  minutes.  In  order  to  mainuiin  the  melt  temperature  it  w'us  ncccs.sary  to 
dccrea.se  the  duty  cycle  to  an  average  of  43%  ±  5%-.  Upon  completion  of  tlie  run  the  samples  were 
placed  in  an  annealing  oven  for  one  liour  at  SCX/'C. 

Similar  pnKcdurcs  were  carried  out  lor  the  two  homogeneity  studies  with  the  exception 
of  using  alumina  t  rucibles  and  30  gram  .samples.  The  decision  to  switch  to  alumina  crucibles  w  as 
made  alter  it  was  observed  that  tlie  samples  fractured  u|x)n  aniiealing.  This  was  tliought  to  be  due 
to  differences  in  thcnnal  cx|»nsiun  coefficients  between  the  fused  silica  and  borosilicatc  glass 
samples.  This  problem  did  not  occur  after  the  change  to  alumina  crucibles  was  made..  Sample 
weights  were  also  increased  at  tliis  time  in  order  to  fully  fill  the  crucibles  and  to  insure  that  there 
would  be  sufficient  glass  product  for  sample  analysis. 


'  Rayilwon  Co.  Waltham.  MA  Model*  gMP-2l01B-6 
’  Omega  Engineering.  Inc.,  Stainford.  CT  06906 
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Table  1.  Burosilicate  Frit  Compositions 


COMPONKNT  SRL-165  (wt%)  SRL-165/29^wt%  TDS 

_ (Ferro  AX-S81875) 


SiOj 

68.0 

54.1 

BA 

10.0 

6.8 

NajO 

13.0 

10.3 

MgO 

1.0 

0.8 

ZA 

■  -  1.0 

1.2 

FCjO, 

- 

12.3 

LijO 

- 

4.7 

MnOi 

- 

2.9 

AI2O3 

— 

4.1 

NiO 

— 

0.9 

CaO 

- 

1.5 

Cl 

- 

0.05 

Pb 

— 

0.05 

F 

RESULTS 

0.06 

Heating  Rate  Experiment 

The  'csults  of  Ihc  healing  rate  experiment  are  suinmari/.ed  in  Figure  1 .  It  is  clear  from 
these  results  that  the  use  of  microwave  hybrid  heating  allows  the  glass  frits  to  couple  with  the 
microwaves  and  that  melting  docs  not  occur  solely  from  heat  supplied  by  the  susceptor  |7,S|.  This 
is  evidenced  by  the  rapid  increase  in  temperature  between  4(X)-500'’C.  It  was  also  expected  that 
SRL-165/29.8wt%  TDS  and  mixed  frit  compositions  would  heal  at  somewhat  faster  rates  than  the 
SRL-I6S  frit  due  to  the  increased  amounts  of  iron  and  other  metallic  compounds  conuiincd  in  the 
simulated  waste  product  interacting  with  the  microwaves  |9|. 


Microwaves 


453 


Homogeneity  Studies 


One  of  the  important  quality  assurance  parameters  in  glass  production  is  homogeneity. 
In  order  to  test  this  parameter  in  our  melts,  30  gram  samples  of  the  mixed  frit  were  ramped  up  to 
1150°C  and  held  for  different  periods  of  time.  While  Fourier  transform  infrared  reflection 
spectroscopy  (FTIRRS)  results  showed  very  little  variation  in  peak  number  between  the  samples 
(Figure  2),  it  was  clear  from  visual  observation  of  the  samples  that  as  soak  time  increased,  the 
number  of  seeds  and  voids  visible  in  samples  decreased.  It  was  also  noted  that  the  samples  held 
for  the  shorter  periods  of  time  were  more  prone  to  fracture  during  polishing  operations. 

In  a  second  homogeneity  study,  the  two  glass  frits  were  layered  one  on  top  of  the  other 
in  the  alumina  crucible,  each  layer  weighing  IS  grams.  This  was  done  to  see  if  mixing  was 
occurring  during  the  melt  As  seen  in  Figure  3  some  mixing  of  the  two  frits  docs  occur,  however, 
complete  homogeneity  is  not  achieved.  It  was  noted  that  increasing  the  length  of  time  of  the  melt 
or  changing  the  positions  of  the  two  frits  did  not  have  an  effect  on  the  outcome  of  the  study.  From 
FTIRRS  results  shown  in  Figure  3,  peak  position  data  for  scans  taken  from  the  bottom  of  the 
crucible  can  be  related  to  the  SRL-16S/29.8wt%  TDS,  in  the  middle  of  the  crucible  spectra 
obtained  correspond  to  mixed  frit  peak  positions,  and  at  the  edges  of  the  top  of  the  crucible  peak 
position  data  indicates  a  composition  closer  u)  that  of  the  SRL-I6S  without  waste  products.  It  is 
unclear  why  the  SRL-165  without  waste  rises  ur  the  top  of  the  melt  However,  this  phenomena 
occurs  is  thought  to  be  due  to  density  differences  between  the  two  frits. 
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Figure  2.  Mixed  frits  FTIRRS  peak  position  data.  PI,  P2  and  P3  refer  to  areas  on  the  disk 
shaped  samples  where  IR  scans  were  run  (ic,  one  on  the  outer  edge,  center  and  opposite  edge). 
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Figure  3.  FTIRRS  peak  position  data  for  the  layered  frits.  P1-P9  indicates  areas  on  the  samples 
where  IR  spectra  were  gathered,  see  inset 


Leaching  Experiment 

A  chemically  durable  wasteform  was  one  of  the  primary  objectives  of  this  study.  Most 
research  in  the  area  long-term  disposal  matrices  centers  around  the  materials'  chemical  durability 
and  more  specifically,  leaching  studies,  whether  in  field  tests  or  laboratory  studies.  In  order  to 
ascertain  whether  we  were  achieving  a  sound  material  with  the  shorter  microwave  processing  times 
a  short  (7  days)  leaching  experiment  was  conducted  in  deionized  water  at  90’C.  The  results  are 
shown  in  Figure  4  and  Table  2.  A  60  and  10  minute  microwave  sample,  along  with  a 
conventionally  prepared  sample  (conventional  heating,  held  for  24  hours  at  1 150''C)  were  weighed 
and  placed  in  a  Teflon*  leaching  vessel.  Deionized  water  was  added  to  achieve  a  surface  area  to- 
volume  ratio  (S  AA')  of  0.03cm  ‘,  the  containers  were  sealed  and  placed  in  a  controlled  temperature 
cabinet  at  90'’C,  and  held  at  that  temperature  for  7  days.  Upon  removal,  the  samples  were  dried, 
weighed,  and  then  cleaned  in  an  ultrasonicator  and  ethanol  for  5  minutes  and  then  re-weighed. 
FTIRRS  showed  no  significant  differences  between  the  samples  other  than  the  fact  that  the  10 
minute  sample  exhibited  negative  peak  shifts  (what  is  commonly  observed  after  leaching  is  a  shift 
to  higher  wavenumbers  due  U)  loss  of  alkali  ions).  It  must  be  emphasized  that  this  is  only  a 
preliminary  leaching  study  and  much  mote  work  will  need  tt)  be  conducted  before  any  firm 
conclusions  can  be  drawn. 
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Table  2.  Weight  Loss  Data  for  Conventional  and  Microwave  Samples 


SAMPLE 

Pre-Leach  Weight 
(R) 

Post-Leach 

Weight  tg) 

Weight  Past 
Cleaning  (g) 

Tfital  Weitthi  1 

LfkSt  Ig)  1 

Conv.  Prepared 
(1=24  hr) 

1.2J83 

I.23M 

1.2356 

0.0027  1 

Microwave 
(1=1  hr) 

1.06<M 

1.0677 

I.Ci75 

0.0015  1 

Mkrowttvc 
(t=t0  min) 

0.7243 

0.7227 

0.7224 

0.0019 

CONCLUSIONS 

«  Melting  and  homogenization  of  borosilicate  glass  frits  is  possible  with  microwave  hybrid 
heating. 

♦  For  the  mixed  frits,  longer  soak  times  appear  to  improve  the  quality  of  the  glass. 

♦  For  the  layered  frits,  it  appears  that  some  mixing  docs  occur  during  the  melt,  however  there 
is  a  distinct  separation  of  the  two  frits  even  after  120  minutes  of  microwave  heating.  This  may 
be  due  to  density  or  a  weight  effect. 

♦  There  are  no  significant  differences  in  the  short  term  leaching  behavior  between  the  microwave 
samples  and  the  conventionally  prepared  glass. 

♦  Microwave  heating  has  potential  as  a  processing  form  for  the  vitrification  of  high  level  nuclear 
waste. 


FUTURE  WORK 

This  is  clearly  a  preliminary  study.  More  work  needs  to  be  done  in  order  to  understand  how 
the  microwave  couples  with  the  glass  along  with  more  work  in  tlie  area  of  optimizing  the  soak 
times  as  well  as  a  more  extensive  studies  into  leaching  behavior  (see  Jant/cn,  this  volume). 
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ABSTRACT 

Soils  contammated  with  toluene  and  p-xylene  are  readily  decontaminated  at  low  temperature 
without  combastion  when  heated  with  microwave  energy  under  vacuum  conditions.  Fmdings 
indicated  that  the  solvent  removal  rate  was  increased  several  times  if  the  soil  samples  contain 
moisture  in  the  form  of  3.00  wt.%  water.  The  combination  of  moisture  and  vacuum  yielded  the 
best  results.  This  observation  can  be  attributed  to  the  enhancement  of  microwave  absorption 
by  the  water  molecule  and  by  partial  pressure  effects  of  the  water  vapor  which  is  generated 
upon  heating. 

INTRODUCTION 

Toluene  and  xylene  are  extensively  used  as  organic  solvents  and  reactants  for  many  organic 
synthesis  processes  in  various  industrid  applications.  However,  such  simple  aromatic 
hydrocarbons  appear  as  primary  contaminants  in  volatile  organic  compounds  of  concern 
affecting  the  soil  and  groundwater|l,2].  It  has  been  identified  that  aromatic  chemicals  in 
contaminated  soil  can  cause  symptoms  of  central  nervous  system  depression  in  human  body. 
Also,  possibilities  of  photochemical  transformation  in  the  presence  of  NO;  with  UV  radiation 
may  result  in  other  toxic  byproducts  such  as  nitrotoluene  and  phenyl  nitromethane[3,4]. 

The  most  popular  conventional  methods  of  contaminated  soil  treatment  include  incineration  and 
landfill  disposal.  Both  of  these  methods  have  serious  drawbacks  due  mostly  to  public  and 
governmental  objections  to  such  practices.  It  is  believed  that  if  the  organic  compounds  could 
be  removed  from  the  soil  for  offsite  disposal,  most  of  the  objections  wiU  be  satisfied. 

A  study  was  made  to  see  if  microwave  energy  could  be  effective  in  a  thermal  process  to  detoxify 
soils  contaminated  with  organic  solvents.  It  was  desired  to  take  advantage  of  the  internal 
heating  mechanism  of  microwaves  and  the  fact  that  microwave  energy  can  be  utilized  in 
subcimospheric  conditions.  Since  toluene  and  xylene  are  known  as  nonpolar  aromatic 
compounds  with  very  small  dielectric  loss  factors  {(’  »  0.1  to  0.01),  it  was  not  known  how 


Note:  This  paper  also  appears  in  Ceramic  Transactions  \'ol  23;  Nuclear  Waste  Management  IV. 
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effective  miaowave  heating  for  contaminate  removal  would  be. 


In  addition,  it  was  not  known  what  effects  the  electric  field  intensity,  E,  of  the  equation  (1) 
power  dissipation 

P*.  -  2*fe^-£‘  (W/m*)  (1) 


Where 


f 

«* 

E 

W 


m 


:  Power  dissipation 
:  frequent^ 

:  (tielectric  constant  of  vacuum 
:  dielectric  loss  factor 
:  magnitude  of  electric  field 
:  watts 

:  length,  meters 


would  have  on  the  volatilization  of  the  organic  compounds.  Also,  behavior  of  the  contaminants 
in  reduced  pressure  conditions  could  have  a  drastic  effect  on  the  effectiveness  of  the  proposed 
thermal  treatment  process. 

Toluene  and  xylene  have  very  low  water  solubility.  However,  water  is  found  soaked  or  mixed 
in  contaminated  soils  over  a  wide  range  of  concentrations.  The  water  molecule  possesses  a 
permanent  dipole  moment  and  has  the  advantage  that  it  generates  considerable  heat  on 
eiqiosure  to  microwave  radiation.  This  fact  encouraged  a  further  study  of  the  enhancement  of 
added  water  to  the  volatilization  rate  of  the  organic  chemicals  when  exposed  to  microwave 
energy  as  first  reported  by  Dauerman  and  Windgassc{5]. 


It  is  well  known  that  the  boiling  pomt  of  an  organic  compound  is  reduced  if  the  partial  pressure 
of  that  compound  is  reduced.  Both  the  reduction  of  total  system  pressure  and  the  presence  of 
water  vapor  in  the  system  reduce  the  partial  pressures  of  the  organic  compounds  present. 

The  volatilization  behavior  in  different  soil  grain  size  was  also  studied  since  dielectric  properties 
of  the  soil  may  differ  depending  on  porosity(6).  Also,  since  sandy  soil  and  clay  soil  were  known 
to  have  different  physical  and  dielectric  properties,  it  was  expected  that  the  different  soil  types 
would  exhibit  variations  in  organic  diffusion  processes. 

MATERIALS  AND  METHODS 

The  sandy  and  clay  soils  samples  were  air-dried,  sieved  (<1  mm),  and  spiked  with  toluene  or 
p-xylene  in  a  concentration  of  13,700  or  136,700  ppm.  Water  was  added  over  a  range  of  0.75 
to  8.00  wt.%.  Each  sample  was  placed  inside  a  Teflon  vessel  (100ml  volume),  and  incubated 
for  a  set  time  period.  When  clay  soil  was  exposed  to  high  vacuum  during  microwave  drying, 
a  filter  was  placed  under  the  vessel  and  this  prevented  fine  dust  in  the  soil  from  flowing 
outward. 


Vacuum  levels  in  a  range  of  60  to  160  Torr  were  provided  via  a  mechanical  vacuum  piunp.  A 
vacuum  trap  with  ice  water  bath  was  installed  between  microwave  vacuum  chamber  and  vacuum 
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pump  to  collect  the  organic  vapors  evolved  during  microwave  heating  (see  Figure  1).  A  2.4S 
GHz  laboratory  oven*  was  used  for  the  testing  program.  Due  to  the  diMcultiss  of  measuring 
the  temperature  of  samples  with  thermocouples  in  a  microwave  cavity,  temperature 
measurements  were  not  made  for  this  work. 

Treated  soils  were  weighed,  and  the  mass  balance  of  the  contaminant  was  determined.  Gas 
chromatographic  analysis  was  also  carried  on  the  residue  to  verify  the  results  (see  Table  1). 

Figure  1.  Experimental  Design  of  Microwave  Vacuum  Processing 
for  Detoxification  of  Contaminated  Soil 


iC  Poirar 


C«aUmUuto4  W»Ur  taUli 

Sott  Clurt« 


Table  1.  Removal  of  p-Xylene  from  Wet  and  Dry  Contaminated 
Soils  at  Constant  Vacuum  of  60  Torr  in  Vessel 


Soil  Type  Water  Content  Drying  Time  P-xylene  Removal 
(wt.  %)  (min.)  (%) 


Sand 

0.00 

40 

99.999 

Sand 

3.00 

15 

99.756 

Clay 

0.00 

13 

96.993 

Clay 

150 

8 

99.629 

Initial  Content  of 

p-Xylene  in  Soil  (PP®)  :13.700 

Soil  Particle  dia.  (mm)  :0.80 


'  Model  MDS-81D,  CEM  Corp.,  Matthew,  NC 
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frsetioa  ol  p-XjtoM  Sainmd  (pamat)  mcUoa  ai  p-XpUn*  (pareant)  rraetlao  at  p-XpUaa  Xamvaad  (pareaai) 


flftir*  i.  Iff»ct  oi  VarUbla  WttUr  CoaUnt  on  VoUU- 
Usatloa  of  1ft  SoU  (Sftftd)  hr 

Mlorowav*  barcy  under  Vacuum  of  60  Torr 


VlfUTC  f.  Camparialoft  of  VolaUUsatlaa  af  a-Mana  la 
Wat  Mil  (Sand)  of  Dlffaraat  Graia  SUa  bj 
Micrpwaaa  Koartr  uadar  Vacuum  oC  60  Torr 


flma  (mint.) 
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RESULTS 


The  data  for  the  various  conditions  are  given  in  graphical  form  and  can  be  summarized  as 
follows: 

1.  The  rate  of  toluene  and  p-]^ene  removal  from  soils  vt.i  progressively  increased  with 
increasing  power  level  (Figure  2  and  3). 

Z  The  higher  vacuum  (lower  absolute  pressure)  significantly  enhanced  the  rates  of  p- 
zyiene  removal  (Figure  4). 

3.  P-x^ene  removal  was  effective  at  high  and  low  levels  of  the  contamination  (Figure  S). 

4.  The  presence  of  water  in  the  contaminated  soil  significantly  accelerated  the  rate  of 
removal  of  the  solvent  from  soil  and  increasing  the  moisture  to  the  soil  greatly  reduced 
the  required  ejqxtsure  time  (Figures  6  to  8). 

5.  Soils  of  small  grain  size  promoted  the  rate  of  removal  of  P-xylene  (Figure  9). 

6.  The  rate  of  p-xyiene  removal  from  the  clay  soils  was  higher  than  that  from  the  sandy 
soils  (Figure  10). 

CONCLUSIONS 

The  soils  are  readily  decontaminated  at  low  temperature  without  combustion  when  heated  with 
increasing  microwave  energy  under  vacuum  conditions.  The  higher  vacuum  significantly  reduces 
the  exposiue  time  and  intensity  of  the  microwave  radiation  required  to  remove  the  hydrocarbon. 
Furthermore,  it  was  found  that  the  solvent  removal  rate  was  increased  several  times  if  the  soil 
samples  contain  moisture  in  the  form  of  3.00  wt.%  water.  The  combination  of  moisture  and 
vacuum  yielded  the  best  results.  This  observation  can  be  attributed  to  strong  interaction 
between  water  and  microwave  radiation,  rapid  heat  generation  due  to  increased  energy 
absorption  rate,  and  reduction  in  boiling  point  of  the  volatile  organic  due  to  a  reduction  in 
partitd  pressure. 

In  sandy  soil,  the  soil  texture  (grain  size)  alters  the  dielectric  properties  of  the  wet  soil  in  a 
manner  that  is  not  fully  understood.  This  in  turn  modifies  the  rate  of  volatilization  of  the 
organic  contaminant.  Also,  clay  soil  appears  to  be  more  sensitive  to  microwave  radiation  than 
sandy  soil  thus  yielding  faster  organic  extraction  rates. 
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OXIDATIVE  DEGRADATION  OF  TRICHLOROETHYLENE  ADSORBED 
ON  ACTIVE  CARBONS:  USE  OF  MICROWAVE  ENERGY* 


R.  Varma  and  S.  P.  Nandi  ** 

Los  Alamos  National  Laboratory 
Los  Alamos.  New  Mexico  87545 

INTRODUCTION 

Chlorinated  hydrocarbon  compounds  (CHG),  such  as  chlorinated  alkanes/alkenes, 
benzene  and  biphenyl  cte.represent  an  important  fraction  of  the  industrial  hazardous 
wastes  produced.  Trichloroethylene  (TCE)  can  be  removed  from  waste  streams  by 
adsorption  on  active  carbons.  Among  the  various  methods  of  active  carbon 
regeneration*  only  the  high  temperature  (-1000®C)  steam  activation  serves  the  dual 
purpose  of  carbon  regeneration  and  combustion  of  adsorbed  species.  A  carbon  bed 
loaded  with  halocarbons  (TCE  for  example)  may  contain  as  much  as  20%  of  chlorine 
by  weight.  The  product  gases  will  produce  severe  corrosion  in  the  furnace  system. 

The  primary  objective  of  the  present  work  wa.s  to  study  the  detoxification  in  air- 
stream  of  TCE  adsorbed  on  different  types  of  active  carbons  using  in  situ  microwave 
heating.  A  secondary  objective  was  to  examine  the  regeneration  of  used  carbons  from 
the  effects  of  repeated  cyclic  operations  (adsorption-detoxification). 

A  number  of  Japanese  patents^*®  claim  that  active  carbons  loaded  with  halocarbons 
can  be  decontaminated  (regenerated)  using  microwave  radiation  in  the  frequency 
range  from  0.9  to  4.5  GHz.  The  prevailing  temperature  is  repotted  to  be  in  the  range  of 
450  to  SSO’C.  The  fate  of  the  adsorbed  organics  in  the  processes  has  not  been  clearly 
indicated. 

Major  advanuges  of  microwave  heating  over  thermal  heating  are:  (a)  it  provides 
uniform  in  situ  rapid  heating,  (b)  the  container  vessel  can  remain  at  room  temperature 
while  the  material  in  it  is  heated,  and  (c)  chemical  processes  can  usually  be  conduacd 
at  lower  temperature. 

Thermal  decomposition  (pyrolysis)  of  TCE  was  studied  by  Goodall  and  Howelett.^  It 
decomposes  in  the  temperature  range  385-445°C,  the  final  reaction  products  are 
hydrogenchloride  and  hexachlorobenzene.  The  reaction  is  a  degenerate  branched  chain 
process,  the  initiator  being  chlorine  atoms  produced  directly  or  indirectly.  Similar 
thermal  decomposition  characteristics  has  been  observed  for  tetrachloroethylene'*  and 
methylene  chloride.® 

•Work  performed  at  Argoruie  National  Laboratory,  Argoruie,  Illinois  60439 
’’Present  address:  Washington  Street,  Downers  Grove,  Illinois  60515 

Note;  This  paper  also  appears  in  Ceramic  Transactions  Vol.  23;  Nuclear  Waste  Management  IV. 
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Experimental 


A  microwave  oven  (CEM  Model  MDS-8!  with  600  Watts  CW  output  at  2.45  GHz) 
was  modified  to  energize  a  flow-through  reactor.  Reagent  grade  trichloroethylene  was 
used  without  further  purifleation.  Three  samples  of  active  cart)on  obtained  from  Calgon 
Corporation  were  used.  One  sample  of  carbon  contained  Cu  and  Cr  which  are  expected 
to  serve  as  oxidation  catalysts.  Ibe  characteristics  of  the  carbons  are  described  in 
Table  I. 


Table  f.  Chataaeristics  of  Active  Carbons  Used  in  Experiments _ 

BET  Surface 

Area  Composition,  wt% 

Name  (m^/gdry)  Ash  01203  CuO  C  H  N 


Base  Carbon  1050 

FCA  Calgon  950 

PCB  Calgon  1 100 


8.6  .  90.3  0.65  0.55 

20.1  3.8  9.7  78.4  0.83  0.67 

3.2  . 


The  experimental  set  up  for  investigating  the  oxidative  decomposition  (detrxification) 
of  TCE  is  shown  in  Figure  1. 


CAS  SAMPLE  LOOP- 


\TCJJ 


sample 

CARBON 


SAFETY  GAS  BUBBLERS  MICROWAVE  GAS  BUBBLER  ABSORBERS 
DEVICE 


Fig,  1  Experimental  Set  Up  for  TCE  Adsorption/Detoxification  using  Microwave  Energy 
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A  known  weight  of  active  carbon  (6  to  10  g)  was  placed  in  the  12-nim  ID  quartz 
sample  tubc-rcactor  which  was  placed  In  the  microwave  oven.  The  tube  was 
detachable  and  could  be  weighed  when  needed.  The  active  carbon  was  dried  using 
microwave  heating  and  the  dry  weight  of  the  carbon  was  noted.  Nitrogen  gas  stream 
carried  vapors  of  TCE  onto  the  active  carbon  at  ambient  (21-22‘’Q  temperature.  After 
the  adsorption  step,  the  sample  tube  was  weighed,  the  weight  of  TCE  adsorbed  was 
noted,  and  the  tube  was  plac^  back  in  the  cavity.  The  flow  of  air  was  then  suited 
through  the  carbon  bed;  the  oven  was  energized  at  the  same  time.  As  wiU  be  outlined 
later,  the  major  products  of  reaction  from  microwave  heating  of  active  carbon  (with  or 
without  catalyst),  with  pre-adsorbed  TCE,  in  air  streams  were  identifled  by  mass 
spectral  analyses  to  be  HCI,  COj.  CO,  C2H2O2,  etc.  The  evolved  gases  were  passed 
through  an  ice  trap  (to  remove  any  high  boiling  product),  a  gas  sampling  loop,  and  one 
bubbler  conuining  IM  NaOH  solution;  finally,  they  were  passed  to  a  laboratory  vent. 
Periodic  gas  samples  were  quantitatively  determined  by  mass  spectroscopic  analysis. 
Hydrochloric  acid  produced  in  an  experimental  run  from  degradation  of  the  TCE  was 
also  absorbed  in  NaOH-solution  as  NaCI.  The  chloride  was  precipitated  as  AgCI  and 
determined  quantiutively.  This  step  provided  an  independent  estimate  of  total  HCI 
produced  during  an  experimental  run. 

Accurate  temperature  measurement  is  difficult  during  microwave  heating.  Temperature 
of  the  carbon  bed  was  measured  using  an  extrapolation  technique.  The  temperature  of 
the  carbon  bed  was  measured  after  5-min.  continuous  microwave  irradiation  while  gas 
flow  through  the  bed  was  maintained.  At  the  end  of  the  5-min.  period,  microwave 
power  was  switched  off,  a  thermocouple  was  quickly  inserted,  and  the  temperature 
was  read  every  40  seconds.  An  extrapolation  of  the  temperature-time  plot  gave  the 
value  of  temperature  of  the  bed. 

Results 

The  catalyst-containing  carbon  was  shown  to  have  a  slightly  higher  capacity  for  TCE 
adsorption  than  did  the  ccconut-shell  carbon.  The  linear  nature  of  the  sorption 
isotherm  observed  indicates  that  the  bed  did  not  attain  adsorption  equilibrium  in  the 
time  allowed  for  these  measurements. 

Trirhloroethylene  does  not  form  explosive  mixture  with  air  at  any  concentration. 
Possibility  of  temperature  overran  in  passing  air  through  carbon  bed  can  be  minimized 
by  controlling  the  the  mass  flow  rate  of  air.  As  will  be  seen  from  the  exit  gas  analysis 
of  TCE  detoxification  runs,  free  oxygen  was  not  present  in  the  cxk  gases. 

Oxidative  Degradation  of  TCE 

In  one  ran  (No.  107),  TCE  vapor  mixed  with  moist  air  was  passed  through  a  bed  of 
carbon  particulates  containing  a  catalyst  while  the  bed  was  irradiated  with  microwave 
radiation.  The  exit  gas  analysis  for  the  ran  show  that  there  was  no  decomposition  of 
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DetoxiHcation  Runs  with  Used  Caiton  and  Carbon  Regeneration 

The  results  in  Table  II  indicate  that  considerable  amounts  of  chlorine  is  retained  by  the 
carbon  after  a  detoxification  tun.  The  volume  percent  of  HO  in  the  effluent  gas 
generated  during  detoxification  at  different  time  (microwave  irradiation  period)  for 
carbon  with  different  initial  chlorine  content  is  shown  in  Figure  2  .  It  is  seen  that  the 
detoxification  efficiency  decreases  markedly  with  the  increase  in  the  initial  amount  of 
chlorine  in  the  carbon^ 


•  <  MISSMM3SM4SMUM 


Fig.  2  TCE  Deloxificalion  as  a  Function  of  Chlorine  Content  of  the  Carbons 

Some  attempts  were  made  to  remove  the  chlorine  from  the  used  carbon  to  determine  if 
a  process  for  regenerating  an  active  form  of  this  carbon  for  further  use  in  TCE 
detoxification  can  be  developed.  Passing  low  concentration  water  vapor  (nitrogen  gas 
saturated  with  water  at  25°C)  through  the  used  carbon  bed  under  microwave 
irradiation  could  remove  only  -1/3  of  chlorine.  Using  higher  concentration  of  water  is 
expected  to  remove  more  chlorine  from  the  bed.  Washing  the  used  carbon  with  hot 
(90®C)  water  reduced  the  chlorine  content  from  6.2  to  1 .5  wt  %.  If  we  pass  a  higher 
concentration  of  water  vapor  (i.c.  steam  +  air)  through  a  used  carbon  bed  which  is 
heated  by  microwave,  we  anticipate  regeneration  of  carbon  to  be  more  successful.  The 
results  of  this  study  indicate  that,  under  in  situ  heating  by  microwave  radiation,  TCE 
and  the  detoxification  products  are  more  readily  desorbed  from  a  catalyst-free  bed 
than  from  one  containing  catalyst. 
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TCE.  It  was  evident  from  observation  that  no  evolution  of  HCI  took  place.  It  is 
therefore  concluded  that  TCE  does  not  undergo  decomposition  or  oxidation  if  it  is  not 
preadsorbed  on  active  carbon.  The  residence  time  for  the  case  of  horizontal  reactor 
was  toO'Shoit  for  any  surface-enhanced  reaction  to  occur. 

The  remaining  experiments  were  done  with  TCE  preadsorbed  on  active  caibon  at  room 
temperature  (22°C).  After  the  adsorption  s>ep  flow  of  dry  or  moist  (air  saturated  with 
moisture  by  bubbling  house  air  through  a  water  bubbler  at  25'’Q  air  is  then  started. 
The  bed  is  heated  by  microwave  radiation  in  all  cases  at  the  20%  power  level.  The 
total  reaction  time  is  30  min.  The  carix)n  bed  is  weighed  again  after  reaction,  and  the 
used  carbon  is  analyzed  for  chlorine.  Gas  samples  collected  from  the  product  gas 
stream  vrere  analyzed  by  mass  spectroscopy.  A  graphical  integration  of  HQ  gas 
profile  vs.  time  gave  an  estimate  of  total  HQ  formed  in  any  particular  reaction.  The 
chloride  formed  in  the  NOH-absorber  in  each  run  was  determined  as  AgCl  to  provide 
yet  another  estimate  of  total  HCI  produced. 

The  data  obtained  from  all  detoxification  experiments  were  analyzed  in  terms  of  (a) 
initial  TCE  loading  in  the  carbon  bed,  (b)  calculated  chlorine  loading  in  carbon  bed,  (c) 
percent  of  original  chlorine  loading  retained  in  the  bed  after  reaction  (from  chlorine 
analysis  of  the  carbon  bed),  and  (d)  percent  of  original  chlorine  in  gas  phase  as  HCI, 
C2H2CI2,  and  C2HQ3  from  mass  spectroscopic  analysis  and  HQ  analysis  from  AgQ 
recoveied.  The  experimental  data  obtained  for  a  large  number  of  rur,s  for  the  case  of 
dry  (house)  or  moist  air  were  analyzed  in  this  manner.  The  results  of  material  balance, 
in  terms  of  chlorine,  is  reported  in  Table  II, 


Tabk  II.  Chlonnc  Mus  B«l«ncc  Between  Re«a»M  and  Produce  of  Reaction  fn>m  TCE  Otidaiion  Eapehmetas  Conducted  with  Micivwavc 
Heatirtf  at  20%  R>wer  Level.  Air  Fkiw  at  100  miymin,  and  Reaction  Time  of  60  Minutes 

Adsorption  lXMnpttnn/UcH»tfication 

TCE*  C^.  O  Cite*  Chlonri<  in  Gas  1  nase.*  wt%  Odorine 

Fitah  Loadinf  Loading  Catlton  Bed  Cl  as  O  as  Accounted 


Run 

Ho. 

Carton 

(Unwaed) 

Air 

Flow 

it/t)  in 
Carbon 

(l/t)ln 

Carbon 

{%  of  Original 
O  Loading) 

Gas  MO 
(from  AgO) 

Gas  HO 
(Gas.  Anal ) 

C,H,G, 
(Gas  Anal.) 

c,Ha, 

(Gas  Anal.) 

For 

% 

101 

FCA 

dry 

0.2*7 

0.176 

37.3 

41.3 

455 

4.1 

3.9 

9t)R 

106 

FCA 

dry 

0.2&4 

0. 

130 

36.0 

32.9 

37.6 

5.2 

12  1 

909 

103 

Bate  Carbon 

moist 

0.107 

0. 

59 

12.5 

3A2 

42  0 

2.2 

326 

N9  3 

127 

PCB 

axtist 

0.l«0 

0 

46 

R.2 

36.5 

41. » 

Si 

29.2 

84  3 

102 

FCA 

moist 

0.213 

0. 

74 

2R7 

52.6 

48.7 

2.9 

3.6 

R3  9 

ltd 

FCA 

moist 

OTAR 

0 

M7 

292 

.V).9 

37  5 

6.1 

106 

84  3 

119 

FCA 

moist 

0.161 

0. 

36 

35  1 

37.6 

43  2 

3.5 

6.2 

8R 

*As  TCE  iniUally  preadsorbed  on  carbon  bed. 

^CMorine  tcuin^  in  the  bed  after  reaaion  artd  as  HO.  and  C^HO^  species  in  gas  stream. 
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Discussion 


The  temperature  range  of  thennal  decomposition  of  TCE  has  been  reported  to  be  385- 
44S°C(6).  It  is  also  repotted  that  oxidation  of  cMoroalkanes  can  proceed  at  an 
appreciable  rate  at  temperature  -50®C  lower  than  that  for  pyrolysis.  The  temperature 
attained  in  the  carbon  1^  in  the  present  work  was  in  the  range  from  3SS  to  42S’’C. 
Two  reaction  conditions  were  used:  (a)  adsorbed  TCE  on  active  carbon  reacted  with 
dry  air  flow  and  (b)  ad^rbed  TCE  on  active  carbon  reacted  with  moist  air  flow.  It  is 
expected  that  under  (a),  the  reaction  products  will  be  CO,  C2,  HCl  and  Oz  and  stable 
intermediates  of  TCE  decomposition.  The  following  reactions  should  be  considered: 

CjHaj+Oz  ->  2co+Ha  +  a2  (i) 

HzO  +  Oz  2Ha+l/2  02  (2) 

The  reaction  (2)  as  written  is  endotheronic.  The  amount  of  chlorine  converted  to  HG 
under  our  reaction  conditions  was  difficult  to  estimate.  However,  the  cumulaiive 
amount  of  HQ  was  high:,T  in  case  of  i.noist  air  mns  compared  to  that  for  dry  air  runs 
indicating  that  the  reaction  (2)  contributed  to  some  extent  towards  the  higher 
production  of  HCl.  The  effluent  gas  samples  in  all  runs  did  not  contain  any  free 
chlorine.  It  is  assumed  that  free  chlorine  generated  was  completely  adsorbed  by  the 
active  carbon  bed.  Chlorine  is  expected  to  be  held  more  strongly  by  active  carbon 
compared  to  hydrochloric  acid.  Selection  of  pure  trichloroethylene  for  oxidative 
degradation  over  active  carbon  was  unfortunate  because  production  of  free  chlorine  can 
not  be  avoided.  If  trichloroethylene  is  mixed  with  other  less  chlorinated  hydrocarbons 
(e.g.  CH4)  and  the  resultant  mixture  contained  enough  internal  hydrogen  then  the 
production  of  free  clilorine  could  be  avoided. 

The  ptodua  gases  contains  both  CO  and  CO2.  However,  the  carbon  oxides  derived 
from  TCE  decomposition  could  not  be  separated  from  that  produced  from  the  active 
carbon  bed.  It  has  been  indicated  that  comparatively  lower  CO  is  present  in  the 
effluent  gas  when  active  carbon  with  catalyst  was  used  for  dctoxincation. 

The  fraction  of  TCE  convened  from  oxidative  degradation  in  air  streams  can  be 
estimated.  Since  the  original  TCE  is  convened  into  HCl  +  Gz  and  most  of  the  Gz  is 
absorbed  in  carbon,  the  measure  of  the  TCE  converted  may  be  derived  from  the  sum  of 
the  original  chlorine  loadings  retained  in  the  carbon  and  those  which  appears  in  the 
gas  phase  (these  appear  as  HCl  and  CzHzCIz  in  Table  II).  The  total  single  pass 
conversion  of  TfTE  into  degradation  products,  on  this  basis,  turns  out  to  be  greater 
than  80%  in  all  cases.  The  oxidative  degradation  of  TCE  observed  was  highest  with 
FCA  carbon  (i.e.,  catalyst-loaded  active  carbon)  and  with  moist  air. 
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Conclusions 


The  experimental  study  has  shown  that  trichloroethylene  adsorbed  on  active  carbon 
can  be  oxidatively  degradated  in  presence  of  microwave  radiation.  Energy  can  be 
transferred  efficiently  to  the  reaction  sites  without  losing  heat  to  the  surrounding 
vessel.  One  of  the  decomposition  pioduct  of  trichloroethylene  is  free  chlorine  which  is 
held  very  strongly  active  carbon.  Hydrochloric  acid  on  the  other  hand  seems  to  be  less 
strongly  held  and  appears  an  large  concentration  in  the  exit  gas.  Production  of  free 
chloritK  can  be  avoided  by  using  chlorohydiocarbon  mixed  with  sufficient  internal 
hydrogen.  This  is  also  expected  to  minimize  the  problem  of  carbon  regeneration 
encountered  in  this  study.  The  results  obtained  from  studies  on  the  oxidative 
degradation  of  TCE  under  microwave  radiation  are  promising  in  a  number  of  respects: 
(1)  the  detoxification  of  TCE  adsorbed  on  active  carbon  can  be  conducted  at  moderate 
(<400°C)  temperatures,  and  (2)  the  used  carbon  bed  can  be  regenerated.  A  patent  on 
the  process  has  been  issued.* 
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ABSTRACT 

Spent  carbon  from  the  carbon- in-pulp  (CIP)  process  was  reactivated  using  2450  and 
915  MHz  microwave  energy.  Dry  and  wet  carbon  was  used  in  the  tests.  Reactivation 
temperature  and  dwell  periods  were  varied  to  determiiK  optimum  reactivation  aitd  energy 
consumption.  The  results  indicate  that  the  important  properties  of  microwave-reactivated 
carbon  are  superior  to  those  of  conventionaUy  reactivated  carbon.  Microwave  healing  at 
915  MHz  is  preferred  for  this  application  because  of  its  higher  electrical  efficiency  and 
greater  penetration  depth  compared  to  2450  MHz. 

INTRODUCTION 

The  carbon-in-pulp  process  is  a  proven  technology  for  gold  recovery  from  gold  leach 
pulps.  During  gold  stripping  all  the  chemical  species  adsorbed  arc  not  completely 
removed  fiom  the  carbon,  aivi  consequently  the  activity  of  the  spent  carbon  is  always 
lower  than  that  of  the  fresh  carbon.  In  order  to  reactivate  spent  carbon  it  needs  to  be 
thoroughly  acid-washed  and  heated  in  the  range  of  650T  to  SSCfC  in  a  rotary  Idla  The 
thermal  activation  process  removes  all  the  moisture,  carbonizes  the  organic  matter  aixl 
enlarges  the  pore  size.  However,  inadequate  power  input,  and  poor  heat  transfer  often 
result  in  insufficietu  residence  time  and  lower  activation. 

Industrial  microwave  healing  at  allocated  915  MHz  and  2450  MHz  frequencies  is  firtding 
increased  application  for  processing  products  iiKluding:  foods,  rubber,  and  ceramics.  Up 
to  the  present  time,  research  woili  to  investigate  the  use  of  microwave  heating  for 
reactivating  carbon  has  been  limited  and  additional  experimental  testing  was 
recommended  (1).  On  this  basis,  an  investigation  was  initiated  to  conTinn  the  feasiNlity 
of  microwave  reactivation  of  spent  carbon  and  determine  the  energy  requirements. 


Notf:  Thu  paper  alw  appears  m  CeramK  Transactions  Vol  2T  Nuclear  Waste  Management  IV 
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EXPERIMENTAL 


Samples  examined  for  reaaivation  were  either  wet  (80%  moisture,  dry-basis)  or  dry.  In 
the  Hrst  set  of  microwave  heating  tests  dry  caibon  samples  weighed  100  g.  Wet  samples 
weighed  180  g.  Tests  were  performed  at  the  two  allocated  microwave  frequencies  of 
2450  MHz  and  915  MHz.  The  results  obtained  from  these  tests  were  used  to  estimate 
experimental  conditions  for  the  larger  batches  (ie,  1.5  kg  dry-basis).  All  samples  were 
contained  in  fused  quaiu  cnicibles.  Each  cnicible  was  covered  with  a  high  temperature 
insulating  block  (microwave-transparent)  which  had  two  access  holes,  one  for  the 
temperature  probe  and  one  for  the  niut>gen  gas  inlet.  All  tests  were  undertaken  in  a 
continuous  flow  of  nitrogen  gas  to  minimize  oxidation  and  possible  ignition  of  the  carbon. 

The  basic  experimental  apparanis  consisted  of  three  main  components:  a  microwave 
generator,  an  applicator  (oven)  and  a  temperature/power  monitoring  system.  Figure  I 
shows  a  schematic  of  the  experimental  arrangement 


Two  microwave  generators  were  used  in  these  tests.  The  first  was  a  2450  MHz  generator 
with  a  maximum  microwave  output  power  of  6  kW  and  an  estimated  efficietKy  of  50% 
(ie,  50%  of  »he  electrical  in|MJt  is  convened  into  usable  microwave  energy).  The  secc.id 
wass  a  915  MHz  generator  with  a  maximum  microwave  power  output  of  30  kW  and  an 
efficietKy  of  70%.  Microwave  power  eruering  the  applicator  (forward  power)  as  well  as 
the  unused  microwave  power  (reflected)  were  measured  by  power  meters  which  were 
connected  to  a  computer  for  data  storage. 
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The  dimensions  of  the  multimode  applicator  used  in  all  of  the  24SO  MHz  tests  were 
50  cm  wide  by  46  cm  high  by  64  cm  deep.  The  915  MHz  variable  mode  applicator  was 
cylindrical  in  shape  with  a  diameter  of  40  cm  and  a  height  of  80  cm.  Both  applicators 
contained  several  openings/ports  for  viewing,  exhaust,  temperature  measurement  and 
nitrogen  gas  inlet. 

A  high-temperature  optical-nbre  probe*,  connected  to  a  computer  for  data  storage  arul 
display,  was  used  to  continuously  record  temperature.  The  optical-fibre  probe  was  used 
to  record  temperatures  above  300*C.  Temperature  control  was  manual  but  effeaive. 
Following  the  microwave  exposure,  the  sample  was  allowed  to  cool  to  about  400*C  and 
then  quenched  in  distilled  water  for  subsequent  examination  and  analysis.  These  tests 
included  the  determination  of  the  gold  adsorption  rate,  adsorption  capacity,  surface  area, 
attrition  weight,  apparent  density,  ash  weight  and  iodine  value. 

RESULTS  AND  DISCUSSION 

The  best  reactivation  results  on  the  100  g  samples  were  obtained  when  the  samples  were 
heatc't  to  a  maximum  temperature  between  700  and  750*0  with  an  optimum  residence 
time  of  about  4  minutes.  Figures  2  and  3  show  typical  heating  curves  for  the  wet  and  dry 
cartron  using  microwave  ertergy  at  2450  and  915  MHz.  Table  1  summarizes  some  of  the 
relevant  parameters  and  results  at  each  frequency. 


TIME  (SECONDS) 

Figure  2.  Microwave  heating  curves  for  lOOg  samples  (2450  MHz). 


Accufiber  Model  100.  Accuflber  Inc.,  Beavenon,  Oregon.  U.S.A. 
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The  forward  and  reflected  microwave  powers  were  not  constant  throughout  a  test  The 
microwave  energy  was  therefore  determined  by  integrating  the  power  over  5-second 
intervals.  The  amount  of  microwave  energy  absorbed  (ie,  forward  minus  reflected  energy) 
was  very  similar  for  both  dry  and  wet  tests  at  both  2450  MHz  and  915  MHz.  As 
expected,  the  dry  samples  required  less  energy  and  were  heated  at  a  faster  rate  compared 
to  the  wet  samples.  The  average  amount  of  microwave  energy  required  for  carbon 
reactivation  was  0.181  kWh/100  g  dry  carbon  and  0.232  kwh/100  g  wet  carbon. 


Table  1.  Parameters  Used  For  NCcrowave  Reactivation  Of  100  g  Carbon  Samples. 


CARBON 

AVG.  M.W.  TOWER 

ABSORBED 

HEATING  RATE  TO  700^  | 

FREQUENCY 

CONDIT'N 

FORWARD/REFLECT 

M.W.  ENERGY 

AVG7NORMAUZED  | 

DRY 

1.7  /  0.*4  kW 

0.194  kWh 

105*Cjnin '  /  *3*Cjiun  'JtW  ‘  | 

24S0  MHz 

1 

WET 

1.6/0.41  kW 

0.251  kWh 

73*C4nm '  /  61X:.min  '.kW '  | 

DRY 

lJ/0.39kW 

0.176  kWh 

114*C.nun'  /81*C.min  'kW  '  I 

915  MHz 

i 

WET 

1.7/ 0.3*  kW 

0.227  kWh 

9ir.inin'  /69X:.min  'JiW  '  1 
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Heating  rates  at  both  knicrowave  frequencies  (ie,  915  MHz  and  2450  MHz)  were  also 
quite  similar.  On  average,  the  normalized  heating  rate  for  100  g  cartion  samples  was 
82*C/minAW  (dry)  and  65*C/min/lcW  (wet).  Heating  rates  were  normalized  with  respect 
to  the  average  microwave  power  absorbed  (ie,  average  forward  power  minus  average 
reflected  power). 

Heating  tests  on  larger  1.5  kg  (carbon)  batches  were  also  undertaken  at  2450  MHz  and 
915  MHz.  Figures  4  and  5  show  typical  temperature  profiles  for  the  dry  and  wet  batches 
at  both  frequencies  while  Table  2  summarizes  the  important  results.  Heating  rates  at 
915  MHz  and  2450  MHz  were  very  similar  for  the  dry  carbon:  however,  heating  of  wet 
carbon  was  faster  at  915  MHz  than  at  2450  MHz  by  2.4*CAnirVkW.  This  enhanced 
heating  rate  is  partly  due  to  the  greater  penetration  depth  in  water  provided  by  the  lower 
microwave  frequency  (at  6(fC,  microwave  penetration  depth  in  water  is  about  3  cm  for 
2450  MHz  and  30  cm  for  915  MHz  (2)).  For  the  smaller  100  g  samples,  the  effect  of  the 
difference  in  the  penetration  depth  for  the  two  frequencies  would  be  negligible. 


**  normalized  heating  rates  were  obtained  by  dividing  the  average  heating  rate  by  the 
absorbed  microwave  power  (ie,  absorbed  p'lwer  equals  average  forward  power  minus 
average  reflected  power). 
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Figure  5.  Microwave  heating  curves  for  1.5  kg  carbon  (915  MHz). 


Table  2.  Parameters  For  Microwave  Reactivation  Of  1.5  kg  Carbon  Samples 


FREQUENCY 

CARBON 

CONWT'N 

AVG.  M.W.  POWER 
FORWARD/REFLECT 

ABSORBED 
M.W.  ENERGY 

HEATING  RATE  TO  700C  | 
AVGTNORMAUZED  | 

2430  MHz 

DRV 

3.9/0.23  kW 

1.468  kWh 

33‘Cjnin  '  /  P.ITCjniii  '±W '  I 

WET 

4.6/0.04  kW 

3.876  kWh 

14r.min  '  /  3.l*Cjiiin  'JeW' 

913  MHz 

DRY 

75/0.71  kW 

1.763  kWh 

38*C.inin  ‘  /  8.6*Cjnin  'kW ' 

WET 

3.1  /0.61  kW 

2.208  kWh 

23*Cjnin  '  /  3.3X;jiun  'JeW'  | 

For  simplicity,  test  results  for  the  1.5  kg  batches  were  normalized  with  respect  to  a  I  kg 
batch.  These  results  are  shown  in  Table  3.  From  the  results  for  1(X)  g  (Table  1)  and  1  kg 
(Table  3)  batches,  the  absorbed  microwave  energy  per  unit  mass  decreases  with  sample 
size.  This  effect  is  a  characteristic  of  microwave  heating  arnl  is  usually  attributed  to  the 
Tilling  factor'  Oe.  microwave  absorption  by  a  material  increases  by  increasing  its  volume 
in  the  applicator)  (3). 

In  order  to  compare  different  reactivation  techniques  and  assess  the  quality  of  reactivated 
carbon,  a  number  of  dilTerent  parameters  was  measured.  Among  the  more  important 
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Table  3.  Energy  Consumption  And  Heating  Rates  Normalized  To  1  kg  Batch. 


MICROWAVE 

FREQUENCY 

CARBON 

CONDITION 

ABSORBED  MICROWAVE 
ENERGY 

HEATING  RATE 

DRY 

1.0  kWh 

13.5*C.mm‘JcW“ 

2450  MHz 

4.rC.min'.kW' 

WET 

2.6  kWh 

DRY 

1.2  kWh 

13*Cjnin'.kW' 

915  MHz 

WET 

1.5  kWh 

8.3Tjnin‘.kW' 

parameters  are  the  physical  properties  of  reactivated  carbon  (eg,  apparent  density  and  ash 
content),  as  well  as  the  adsoiption  capacity  and  rate.  Table  4  gives  typical  results  from 
the  analysis  of  the  microwave-reactivated  carbon.  For  comparative  purposes,  the 
properties  of  hesh  carbon  and  conventionally  reactivated  carbon  are  also  provided.  Other 
properties  that  were  ccr.sidered  and  measured  were  the  iodine  number,  surface  area  and 
attrition  loss.  Measurement  of  these  properties  indicated  consistency  with  the  results  in 
Table  4. 

The  applied  frequency  did  not  appear  to  affect  the  properties  of  reactivated  carbon; 
therefore,  carbon  reactivated  at  either  2450  MHz  or  915  MHz  is  simply  termed  as 
‘microwavc-reactivatcd’.  Conventional  reactivation  generally  increases  the  apparent 
density  of  the  carbon  due  to  shrinkage  and  structural  compaction.  In  all  tests,  the  density 
of  the  microwave-reactivated  carbon  was  even  higher  than  conventional  reactivation, 
including  the  tests  performed  at  5S0°C  (with  a  residence  time  of  2  minutes)  arxi  TOCTC 
(with  a  residence  time  of  30  seconds).  Comparing  the  results  of  the  other  parameters 
suggests  that  the  higher  density  value  did  not  affect  the  other  properties. 

The  ash  present  in  the  carbon  is  an  indication  of  the  amount  of  inorganic  residue 
remaining  after  complete  combustion  of  organic  material  in  the  carbon.  Dearly,  ash 
corueru  in  microwave-reactivated  carbon  is  less  than  half  the  content  pre^nt  in  either 
fresh  or  conventionally  activated  carboa 

The  gold  adsorption  capacity  is  a  measure  of  the  amount  of  gold  adsorbed  on  a  unit  mass 
of  carbon.  As  a  reference,  fresh  carbon  has  an  adsorption  capacity  of  about 
26  kg  AuAonne  Carboa  Therefore,  carbon  reactivated  by  microwaves  has  an  adsorption 
capacity  of  80  -  90%  that  of  fresh  carbon.  Conventionally  reactivated  carbon  hu  an 
adsorption  capacity  of  only  58%  of  fresh  carbon  (ie,  microwave-reactivated  carbon 
adsorbs  at  least  38%  more  gold  than  conventionally  reactivated  carbon).  A  second 
advantage  of  microwave-reactivated  carbon  over  conventionally  reactivated  carbon  is  the 
higher  gold  adsorption  rate.  As  shown  in  Table  4,  adsorption  rates  from  microwave- 
reactivated  carbon  were  even  higher  than  that  of  fresh  carbon.  This  result  has  been 
reponed  elsewhere  (4).  Therefore,  in  the  actual  adsorption  process  in  a  gold  mine, 
microwave-reactivated  carbon  can  be  expected  to  adsorb  more  gold  than  conventionally 
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Table  4.  Properties  Of  Microwave-Reactivated  Carbon. 


CARBON 

REACTIVATION 

TECHNIQUE 

ADSORPTION 
CAPACITY 
kg  AuAonne  C 

ADSORPTION 

RATE 

(kg  AuA>nne  CVnun 

ASH 

CONTENT 

WEIGHT* 

APPARENT 

DENSITY 

g/ml 

micTowive  he«tin| 
(24S0  MHz) 

21.0 

034 

038 

0.67 

microwtve  hettint 
(915  Mhz) 

'■  23.4 

0.43 

0.42 

0.69 

conventional 

heating 

15 

0.10 

1.0 

0^1 

fresh  carbon 

26 

033 

1.0 

0.48 

reactivated  carbon  and  undertake  this  adsorption  process  at  a  faster  rate.  These  two 
factors  will  result  in  energy  savings  as  well  as  increas'jd  throughput. 


The  total  electrical  energy  required  to  activate  1  kg  carbon  at  2450  MHz  and  950  MHz 
is  shown  in  Table  5.  The  results  are  based  on  50  and  70%  efficiencies  for  the  2450  and 
915  MHz  fiequencies,  respectively.  It  is  clear  that  microwave  reactivation  at  915  MHz 
is  more  efficient  than  at  2450  MHz.  Another  advantage  for  using  915  MHz  versus  2450 
MHz  is  the  size  of  generators.  The  maximum  generator  size  at  915  MHz  is  60  kW 
compared  to  6  kW  at  2450  MHz.  By  using  the  915  MHz  frequency  the  number  of 
getterators  required  for  the  process  would  be  fewer,  and  therefore  the  control  and 
reliability  of  the  equipment  would  be  simpler.  Therefore,  from  the  standpoint  of  a 
practical  industrial  application,  carbon  reactivation  at  915  MHz  appears  to  be  more 
attractive. 


Table  5.  Electrical  Energy  Consumption  For  Reactivating  1  kg  Carbon. 


j  MICROWAVE 

CARBON  CONDITION 

TOTAL  ELECTTRICAL  | 

1  FREQUENCY 

ENERGY*  1 

1 

DRY 

2  kWh  1 

1  2450  MHz 

WET 

5.2  kWh  1 

DRY 

1.7  kWh  1 

915  MHz 

WET 

2.2  kWh  1 

*  t  otal  ciecincal  energy  is  calculated  by  dividing  the  microwave  energy  required  by  me 
efficiency  of  the  microwave  generator,  ie,  50%  for  2450  MHz  arxl  70%  for  915  MHz. 
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At  the  present  time,  the  cost  of  energy  for  reactivating  cartwn  using  conventional 
electrical  heating  is  approximately  $0.083/kg  (dry)  cait»n,  based  on  an  electricity  cost  of 
$0.0387/kWh  (5).  Using  microwave  heating  at  915  MHz  and  allowing  for  an  additional 
10%  in  losses  (for  refleaed  microwave  energy),  the  total  energy  cost  using  microwaves 
(2.42  kWh  X  $0.0387)  will  be  S0.094Ag  caibon.  However,  based  on  adsorption  capacity 
results  presented  in  Table  4,  0.65  kg  of  microwayc-ieactivated  carbon  will  adsorb  the 
same  amount  of  gold  as  I  kg  of  conventionally  reactivated  carbon.  Considering  this 
difference  in  adsorption  capacides,  the  energy  cost  for  microwave  reactivation  of  carbon 
at  915  MHz  ($0.061Ag)  is  about  75%  of  the  energy  cost  of  conventional  reactivation. 

CONCLUSIONS 

The  tests  confinned  the  technical  feasibility  of  applying  microwave  heating  in  an  inert 
atmosphere  to  reactivate  spent  carbon  from  the  CIP  process.  In  general,  it  appears  that 
the  properties  of  microwave-reactivated  caibon  are  superior  to  conventionally  reactivated 
carbon  (eg.  higher  gold  adsorption  capacity).  Testing  of  the  two  industrial  heating 
frequencies  indicated  that  miciowave  heating  at  915  MHz  is  preferred  for  this  application 
because  of  its  higher  electrical  efficieiKy  and  greater  penetration  depth  compared  to  2450 
MHz.  The  associated  energy  cost  for  microwave  reactivation  of  carbon  is  estimated  to 
be  about  25%  lower  than  the  cost  of  conventional  reactivation. 
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Section  Vni.  Joining/Composite 
Fabrication  with  Microwave  Energy 
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Microwave  joining  of  SiC  to  SiC  was  accomplished  with 
interlayer  materials  composed  of  Si,  C  and  Ti.  The  width  of 
joints  using  Si  as  the  interlayer  material  varied  from  3-50 
micrometers,  depending  upon  the  method  of  application  of  the 
interlayer  material.  A  joint  made  from  a  SiC  disk  plasma- 
sprayed  with  Si  had  an  interlayer  width  less  than  S 
micrometers.  There  was  no  substantial  variation  in  Knoop 
hardness  across  this  joint  interface.  Joints  were  also  made  via 
combustion  synthesis  of  Ti  and  C  powders  in  situ. 

ESTIRODUCnON 

Microwave  joining  of  ceramics  has  the  potential  for  increased 
speed  and  convenience  [1,2].  Joints  have  been  made  in 


Microwaves 


487 


alumina,  mullite  and  silicon  nitride  with  flexure  strength 
approaching,  and  in  some  cases  exceeding,  that  of  the  as 
received  material  in  a  fraction  of  the  time  that  is  customarily 
required  with  conventional  techniques  [3,4].  This  paper 
describes  the  initial  results  of  investigations  aimed  at  applying 
microwave  joining  to  SiC  and  other  carbide  ceramics. 

RATIONALE  FOR  THE  JOINING  APPROACH 

Microstructural,  mechanical  and  X-ray  data  reported  in  Refs.  3 
and  4  suggest  that  microwave  joining  occurs  through  the  filling 
of  pores  in  the  interfacial  region  by  intergranular  glassy 
phases.  This  mechanism  is  further  supported  by  conventional 
joining  experiments  in  silicon  nitride,  in  which  the  joining 
material  is  an  oxynitride  glass  very  similar  to  the  silicon  nitride 
intergranular  phase  [5,6].  These  results  suggest  the  following 
general  approach  to  microwave  joining:  first  investigate  joining 
without  interlayer  materials,  using  the  intergranular  phases 
present  in  the  material  to  be  joined;  if  direct  joining  is  not 
possible,  then  use  as  a  joining  interlayer  a  material  that  closely 
approximates  the  intergranular  phases. 

To  implement  this  approach  for  SiC  joining,  two  different 
avenues  were  followed.  First,  metallic  braze  joints  were  made 
using  Si  as  the  primary  interlayer  material.  Second,  attempts 
were  made  to  initiate  a  combustion  synthesis  reaction  [7]  in  the 
interfacial  region  to  form  a  composite  interlayer  containing  SiC 
or  TiC. 

PREPARATION  OF  SPEQMENS  TO  BE  JOINED 

The  SiC  specimens  used  for  joining  were  disks  of  Carborundum 
HexoloyTM  approximately  0.952  cm  in  diameter  and  0.635  cm 
in  height,  rough  cut  with  a  wafering  saw,  with  no  polishing. 

Four  different  methods  were  used  to  prepare  and  apply 
interlayer  materials.  Three  of  these  methods  used  blended 
powders  of  Si,  C  and  Ti.  The  first  method  consisted  of  simply 
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placing  the  powder  mixture  on  top  of  one  SiC  disk  and  then 
pressing  the  second  disk  in  place.  In  the  second  method,  the 
powder  was  mixed  with  Nye*  watch  oil  to  form  a  slurry,  which 
was  applied  to  the  top  of  the  lower  disk.  In  the  third  method,  a 
cold  pressed  disk  of  the  powder  was  made,  using  1-Eicosene  as 
a  binder,  and  this  disk  was  inserted  in  between  the  two  SiC 
disks.  In  the  fourth  method,  a  thin  layer  of  Si  was  plasma- 
sprayed  onto  one  of  the  SiC  disks. 

EXPERIMENTAL  PROCEDURE 

These  microwave  joining  experiments,  with  the  one  exception 
noted  below,  were  carried  out  using  the  apparatus  described  in 
Ref.  3.  The  samples  were  placed  in  the  center  of  a  TE103 
rectangular  microwave  cavity  and  oriented  with  the  electric 
field  parallel  to  the  disk  axis.  Coupling  of  microwave  power 
from  the  2.45  GHz  magnetron  was  accomplished  with  a 
resonant  rectangular  iris.  The  dimensions  of  the  iris  were 
determined  experimentally  by  requiring  nearly  critical 
coupling  between  the  input  waveguide  and  the  cavity  when  the 
sample  was  within  the  desired  joining  temperature  range. 

The  power  incident  on  and  reflected  from  the  cavity  was 
monitored  with  voltage  probes  inserted  in  appropriate 
positions  through  the  broad  wall  of  the  waveguide.  The 
temperature  of  the  sample  was  measured  through  a  shielded 
hole  cut  in  the  narrow  wall  of  the  cavity  using  a  two-color  IR 
pyrometer^. 

The  SiC  samples  and  interlayer  materials  were  held  in  place  for 
joining  by  two  low  loss  alumina  rods  of  0.952  cm  diameter. 
This  sandwich  of  alumina-SiC-interlayer  material-SiC-alumina 
was  inserted  through  openings  in  the  broad  wall  of  the  cavity, 
positioned  so  that  the  interlayer  material  was  at  the 
geometrical  center  of  the  cavity,  and  clamped  in  place  with  a 
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Figure  3  SEM  micrograph  of  SiC  joint  made  with  plasma- 
sprayed  Si  coating. 

As  a  prelude  to  joining  experiments  attempting  to  utilize 
combustion  synthesis  in  the  interfacial  region,  we  used  the 
multi-mode  cavity  to  react  cold  pressed  disks  equal  in  size  to 
the  joining  samples.  A  disk  made  from  Si  and  C  powders  in 
stoichiometric  ratio  was  heated  first.  X-ray  diffraction  data 
showed  only  Si  and  C  peaks,  indicating  that  no  combustion 
synthesis  reaction  took  place.  Since  the  Ti-C  reaction  is  much 
more  energetically  favorable  than  the  Si-C  reaction  (Ref.  7),  we 
then  heated  a  cold  pressed  disk  composed  of  2%  Ti  and  98% 
stoichiometric  Si;C  powders.  The  X-ray  diffraction  data 
obtained  from  this  disk  clearly  indicated  the  presence  of  SiC. 

Based  upon  the  above  results,  joints  were  attempted  using 
powder  mixtures  of  4%  and  10%  Ti,  with  the  balance  being 
stoichiometric  Si:C.  No  combustion  reaction  was  observed 
during  the  heating  of  these  materials. 

An  additional  joining  attempt  was  made  using  a  cold  pressed 
disk  of  about  1  mm  in  height  made  from  a  stoichiometric 
powder  mixture  of  Ti  and  C,  in  an  Eicosene  binder.  The 
assembly  of  SiC  disk-Ti:C  cold  pressed  disk-SiC  disk  was  heated 
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using  the  single  mode  cavity  method.  The  Eicosene  binder  was 
first  observed  to  vaporize;  then  as  the  power  was  increased  a 
flame  was  observed  to  be  ignited  at  the  joining  interface. 
When  this  flame  extinguished,  the  temperature  of  the  SiC  disks 
rose  rapidly  to  1500°C  and  stabilized.  This  temperature  was 
held  for  several  minutes,  and  then  the  samples  were  cooled  by 
gradually  reducing  the  microwave  power,  over  a  period  of 
approximately  15  minutes.  Figures  4  and  5  are  SEM 
micrographs  of  the  sectioned  joined  specimens.  Fig.  4  was 


Figure  4  SEM  micrograph  of  SiC  joint  made  with  cold  pressed 
disk  of  Ti:C  (outer  edge). 

taken  at  the  outer  edge  of  the  specimen.  Fig.  5  was  taken  in 
the  interior  of  the  sectioned  specimen.  The  interlayer  material 
in  Fig.  4  is  orange-white,  while  the  interlayer  material  in  Fig.  5 
is  dark  gray.  X-ray  diffraction  data  clearly  indicated  TiC,  Ti02 
and  TisOs,  as  well  as  SiC,  in  the  joined  samples. 

CONCLUSION 

Microwave  joining  of  SiC  has  been  accomplished  using  both  a 
single  mode  and  a  multi-mode  joining  apparatus  at  2.45  GHz. 
Homogeneous  joints  were  made  using  Si  as  the  interlayer 
material,  applied  directly  as  powder,  in  an  oil-based  slurry,  or 
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Figure  5  SEM  micrograph  of  SiC  joint  made  with  cold  pressed 
disk  of  Ti:C  (interior  of  sectioned  specimen). 

plasma-sprayed  onto  the  surface  of  one  of  the  specimens  to  be 
joined.  The  plasma-spray  technique  yielded  the  thinnest 
interlayers,  and  for  these  Knoop  hardness  did  not  vary 
substantially  across  the  sectioned  joint  interface.  Microwave- 
induced  combustion  synthesis  was  achieved  in  a  cold  pressed 
disk  of  Si:C:Ti  to  produce  SiC,  using  the  multi-mode  cavity. 
Microwave-induced  combustion  synthesis  of  a  cold  pressed 
disk  of  Ti;C  placed  at  the  interface  was  used  to  join  SiC  to  SiC. 
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ABSTRACT 

Simultaneous  sintering  and  joining  of  ceramics,  often  referred  to  as  green  state 
joining,  is  used  in  producing  structural  and  electronic  composites  as  well  as 
complex-shaped  ceramic  components.  In  this  paper,  a  novel  idea  of  using 
microwave  energy  to  simultaneously  sinter  and  join  ceramics  is  proposed  Alumina 
green  samples  are  Bred  and  joined  in  a  single  mode  microwave  heating  device. 
Scanning  Electron  Microscope  and  Scanning  Acoustic  Microscope  are  used  to 
evaluate  joining  interface.  Experimental  results  show  that,  because  microwaves 
offer  rapid  and  uniform  heating,  fast  densification  and  excellent  joining  can  be 
achieved. 

INTRODUCTION 

Microwave  heating  is  a  volumetric  process.  It  provides  rapid  and  uniform 
heating  so  that  temperature  gradients  which  are  observed  in  conventional  rapid 
heating  can  be  avoided.  Its  application  in  material  processing  has  produced  many 
interesting  results  (!].  Microwave  processing  of  ceramics  is  especially  encouraging. 
Using  microwaves  to  sinter  alumina  ,  Tian  et  al  [2]  has  shown  that  rapid 
densification  and  ultra-fine  microstructures  can  be  obtained  Janney  et  al.  [3]  has 
shown  that  ceramics  begin  to  densify  at  a  lower  temperatures  with  microwave 
heating  than  with  conventional  heating.  The  joining  of  ceramics  by  microwave 
heating  has  been  studied  by  Fukusbima  et  al.  [  4  ].  TTicir  study  has  shown  that  the 
dielectric  loss  factor,  which  is  the  determining  factor  for  absorbing  microwave 
energy,  rapidly  increase  with  temperature  and  the  value  at  I8GO0C  is  two  orders  of 
magnitude  larger  than  that  at  room  temperature.  Results  prove  that  thermal  runway 
effect  occurs  even  in  the  microwave  region,  thus  allowing  the  microwave  heating 
and  joining  of  ceramics.  As  a  result,  ceramics  can  be  joined  and  higher  joining 
strength  wUl  be  obtained. 
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BACKGROUND 


Simultaneous  sintering  and  joining,  often  referred  to  as  green  state  joining,  is 
used  in  producing  structural  and  electronic  ceramic  composites  as  well  as 
complex-shaped  ceramic  components.  In  this  joining  process,  the  parts  to  be  joined 
are  grera  samples  rather  than  densified  ceramics.  Cn^  state  joining  can  be  used  in 
producing  structural  composite  materials  to  increj:S3  material  fracture  toughness.  In 
a  study  by  Boch  et  al.  [5],  an  Al203/ZrO2  laminated  composite  was  made.  In  that 
process,  ceramic  layers  to  be  laminated  were  i?rst  fabricated  by  the  tape  casting 
method.  The  tapes  were  then  stacked  and  thermocemprcssed.  After  burning  out  the 
organic  components,  the  green  composite  was  densifted  and  joined.  Test  results 
showed  that  greater  fracture  toughness  was  achieved  even  with  AIJO3/AI2O3 
composite.  In  this  production  process,  excellent  densification  and  joining  are 
needed  to  increase  material  toughness.  Green  state  joining  can  also  be  used  in  the 
production  of  multilayer  capacitors  and  smart  materials  [6].  In  which,  tape  casted 
electroceramic  layers  that  have  same  or  different  materials  are  co-densified. 
Electrodes  for  each  layer  are  screen  printed  before  firing  in  the  conventional 
method.  In  a  so-called  fugitive  method,  a  fugitive  layer  is  placed  between 
electroceramic  layers  and  electrode  metals  are  squeezed  into  the  fugitive  cavity  in 
the  later  process.  Lower  firing  temperature  and  shorter  firing  time  are  desirable  so 
tliat  deleterious  chemical  reaction  between  eicctroceramic  phases  can  be  avoided  and 
inexpensive  electrode  materials  can  be  used  to  minimize  the  production  cost.  The 
joining  has  to  be  designed  so  that  the  electrode  material  can  be  squeezed  to  form 
good  electrodes.  Green  state  joining  also  finds  application  in  producing  complex 
ceramic  parts.  Advanced  ceramic  materials  have  the  potential  to  be  used  for 
precision  engine  components.  However,  the  use  of  ceramic  materials  have  been 
inhibited  by  the  difficulty  and  cost  of  manufacturing  complex-shaped  components. 
Methods  such  as  injection  molding,  slip  casting  and  pressure  casting  can  be  used  in 
producing  complex-shaped  ceramic  components.  But  difficulties  with  defects, 
removal  of  binder/lubricants,  control  of  warpage  ,  lengthy  drying  cycle,  mold 
release  and  drying  shrinkage  crack  limit  fast  throughput  Those  can  be  overcome  by 
joining  small  parts  together  to  form  a  complex  shaped  aggregate.  Studies  conducted 
by  Bates  et  al.  [7]  show  that  simultaneous  sintering  and  joining  is  applicable  in 
producing  some  non-oxide  ceramics  for  high  temperature  application.  In  all  the 
applications  of  simultaneously  sintering  and  joining  mentioned  above,  fast 
densification,  short  firing  time  and  excellent  joining  are  always  desired.  Microwave 
processing  has  the  potential  to  reach  these  goals. 

In  this  research  work,  an  effort  was  made  to  integrate  die  microwave  sintering 
and  imcrowave  joining  to  form  a  simultaneous  process  so  that  the  joining  and 
sintering  of  ceramics  can  be  accomplished  at  the  same  time.  In  doing  so,  the  tedious 
tasks  of  grinding  and  polishing  which  are  necessary  for  joining  densified  ceramics 
can  be  eliminated.  The  metal  and  glass  interlayers  that  are  often  used  in  ceramic 
joining,  resulting  in  lower  high  temperature  strength  of  the  joined  components,  are 
not  necessa^  for  joining  of  ceramics.  More  importantly,  fast  production  rate  and 
excellent  joining  may  be  achieved  with  the  microwave  heating  method. 
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INSTRUMENT  DESCRIPTION 


A  single  mode  high  power  microwave  heating  device  which  operates  at  2.4S 
GHz  is  used  in  this  experiment  It  is  displayed  in  figure  1.  The  magnetron  and 
associated  control  system  can  generate  a  maximum  of  3kW  microwave  power  in  a 
continuous  or  puls^  form.  A  circulator  follows  the  magnetron  to  divert  the 
reflected  microwave  to  the  dummy  load  to  protect  the  magnetron.  A  sectior  of 
quarter  wavelengti  waveguide,  which  is  equipped  with  two  (Erectional  couplers  for 
measuring  forward  and  reflected  power,  is  connected  to  the  system  next  to  the 
circulator.  The  impedance  analyzer,  which  has  four  detectors  with  Axed  phase 
relationship,  is  used  to  monitor  the  working  condition  of  the  system  through 
obtaining  the  reflection  cc^efficient  of  the  cavity.  A  4'Stub  tuner  is  also  placed  before 
the  microwave  resonator  for  the  fine  tuning  of  the  system.The  microwave  resonator 
is  formed  by  an  iris,  a  section  of  waveguide  and  a  variable  short-circuted 
waveguide.  The  sample  is  placed  at  the  position  where  the  electric  field  has  the 
maximum  valre.  The  dia^ostic  system  has  two  main  components,  HP9826  PC 
and  HP3497A  data  acquisition  system.  They  collect  and  process  the  signal  from  the 
impedance  analyzer  for  calculating  the  reflection  coefficient  as  well  as  from  the 
temperature  controller  conneemd  to  a  pyrometer  for  recording  temperature  history. 
The  sample  to  be  sintered,  being  small,  is  placed  in  a  quartz  sample  holder  and 
surrounded  by  the  insulating  material.  A  small  hole  is  made  in  the  insulating 
material  to  allow  the  pyrometer  to  monitor  the  temperature  variation.  Upon  turning 
on  microwave  generator,  the  variable  short  is  adjusted  so  that  the  microwaves  will 
resonant  inside  cavity  and  microwave  energy  can  be  absorbed  by  the  ceramics 
efficiently. 


Figure  1.  Microwave  Heating  System. 
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EXPERIMENT 


The  Bailobax^  alumina  powder  having  an  average  particle  size  3pm  was  used 
in  this  study.  Alumina  powder  doped  with  0.3%  (wt)  magnesium  and  3%  (wt) 
PVA  was  ball  milled  in  the  methanol  for  two  hours.  The  addition  of  magnesium 
was  to  inhibit  grain  growth  and  to  promote  diffusion.  The  mixed  powder  was  dried 
in  the  furnace  at  80^  to  evaporate  the  alcohol.  The  parts  to  be  joined  were  green 
pellets  obtained  by  dry  pressing  at  a  pressure  of  28CO  MPa.  Since  the  surfaces  to  be 
joined  were  not  p^ectly  flat,  a  slip  interlayer  of  the  same  material  mixed  with  PVA 
is  placed  in  between  parts  to  be  joined.  The  two  green  pellets  and  the  slip  interlayer 
formed  a  whole  body  by  isostatic  pressing  with^  a  pressure  150  MPa.  The  slip, 
being  viscous,  conforms  to  the  asperities  of  the  green  surface,  so  that  minor  defects 
can  be  filled.  The  whole  joining  body  was  then  prefired  at  dOO^C  for  two  hours. 
Finally,  the  sample  was  sintered  in  the  high  power  microwave  heating  system.  By 
adjusting  the  variable  short  plate,  the  resonance  was  achieved  inside  the  single 
mode  cavity.  To  uniformly  radiate  the  sample,  the  sample  holder  is  rotated  10 
revolutions/minute.  Figure  2.  gives  the  microwave  sintering  history.  The 
microwave  power  used  here  was  600W.  The  sample  heated  to  MOO^C  with 
heating  rate  of  100°/min.  The  temperature  was  held  at  1400°  for  14  minutes  and  the 
power  was  then  lowered  to  zero  in  3.5  minutes.  The  whole  sintering  and  joining 
time  was  about  28  minutes.  Figure  3  shows  the  conventional  sintering  and  joining 
history. 


Time  (  Minutes  ) 

Figure  2.  Microwave  Sintering  and  Joining  History 
By  using  the  above  stated  processing  method,  the  green  aggregates  are  sintered 
and  joined  by  using  the  microwave  heating  as  well  as  the  conventional  heating 
method  with  or  without  a  pressure  0.283MPa  applied  at  the  interface  of  the  joining. 
A  total  of  4  samples  are  researched  for  each  condition.  The  relative  density  was 
obtained  by  using  Archimedes'  principle. 


iBailobax  Co.,  Charlotte,  N.C.  Bailobax-CR-30 
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1400  C,  2  hours 


Time 

Figure  3.  Conventional  Sintering  and  Joining  History 


RESULTS  AND  DISCUSSION 

Scanning  Electron  Microscope  Study  Joining  Interface 

To  examine  the  joining  result,  the  joined  sample  was  sectioned  with  a  diamond 
saw  and  subsequently  polished  with  a  600  grit  sand  paper.  The  joint  boundary  was 
then  examined  by  the  banning  Electron  Microscope. 

Figure  4  is  the  micrograph  of  the  joined  boundary  of  the  sample  formed  by  a 
pressure  of  0.238  MPa  at  the  interface  during  microwave  sintering  and  joining. 
This  figure  shows  that  excellent  joining  was  obtained.  Defects  at  the  interface  have 
similar  dimension  to  those  in  the  sintered  bulk  body.  The  bulk  density  is  measured 
to  be  94%.  The  joint  boundary  was  invisible  to  the  eye.  Figure  5  gives  the 
microstructure  of  the  sample  which  is  microwave  sintered  and  joined  at  HOO^C  for 
35  minutes.  A  complete  densificadon  was  realized  with  an  average  grain  size  2fxm. 
Figure  6  is  the  micrograph  of  the  join  boundary  of  the  sample  which  was  formed 
with  no  pressure  at  interface  during  microwave  sintering  and  joining.  It  shows  that 
only  hall  of  the  boundary  was  joined.  The  bulk  density  is  also  94%.  Large  voids 
can  be  readily  seen  from  SEM  picture.  These  large  defects  may  be  form^  due  to 
the  non-uniform  shrinkage  between  interlayer  and  bulk  body  during  fast 
densificadon.  However,  such  large  voids  can  be  eliminated  by  applying  proper 
pressure  at  the  interface  during  sintering  and  joining,  which  has  been  demonstrated 
by  the  figure  4.  Hence,  proper  pressure  is  needed  at  interface  during  microwave 
sintering  and  joining.  The  magnitude  of  die  pressure  should  be  selected  such  that 
excess  deformadon  in  the  bulk  body  will  not  be  induced  and  the  voids  which  might 
appeared  at  interface  could  be  eliminated.  The  pressure  0.283MPa  used  here  is 
based  on  the  several  experimental  results  of  the  microwave  sintering  and  joining  of 
green  samples.  To  avoid  any  excess  deformadon  in  the  bulk  body,  the  isostatic 
pressure  may  be  used.  Since  the  pressure  needed  is  small,  isostadc  pressure  can  be 
readily  reali^. 

Figure  7  is  the  micrograph  of  the  joined  boundary  of  the  sample  formed  with 
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0.283MPa  at  the  interface  during  conventional  sintering  and  joining.  The  picture 
shows  that  because  of  low  densification  ,  the  joined  boundary  can  be  clearly  seen 
and  different  densities  were  also  observed  in  the  joining  interface  and  bulk  body. 
Figure  8  is  the  micrograph  of  the  join  boundary  of  the  sample  which  formed  with 
no  pressure  at  the  interface  in  the  conventional  sintering  and  joining.  Because  there 
is  no  pressure  applied  at  the  interface  during  sintering  and  joining,  the  joining 
boundary  was  not  dense  and  some  of  the  sections  can  be  damaged  during  the 
polishing  process. 
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Figure  4.  SEM  Micrograph  of  Microwave  Sintered  and  Joined  at  1400®C  for  14 
minutes  with  0.283MPa  pressure,  Bulk  Density  94% 


Figure  5.  SEM  Micrograph  of  Microwave  Sintered  and  Joined  at  140(PC  for  35 
minutes  with  0.283MPa  pressure.  Bulk  Density  99% 
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Figure  6.  SEM  Micrograph  of  Microwave  Sintered  and  Joined  at  1400oC  for  14 
minutes  with  no  pressure,  Bulk  Density  94% 


Figure  7.  SEM  Micrograph  of  Conventional  Sintered  and  Joined  at  140(y’C  for  2 
hours  with  0.283MPa  pressure,  Bulk  Density  80% 


Figure  8.  SEM  Micrograph  of  Microwave  Sintered  and  Joined  at  1400°C  for  14 
minutes  with  no  pressure.  Bulk  Density  80% 
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Scanning  Acoustic  Microscope  Study  Joining  Interface 

The  scanning  acoustic  microscope  (SAM)  is  a  high  precision  instrument  which 
focuses  acoustic  waves  to  a  point  on  or  below  the  surface  of  a  specimen.  The 
intensities  of  the  reflected  waves  are  analyzed  and  compiled  to  give  detailed  images 
of  the  specimen  at  the  prescribed  depth.  This  non-destructive  technique  is 
extensively  useful  in  determining  the  material  properties  inside  of  a  sample.  Some 
relative  information  about  Scanning  Acoustic  Microscope  can  be  found  in  [8,9]. 

The  SAM  used  here  was  to  evaluate  the  joining  interface,  and  thus  determine 
the  effectiveness  of  the  rricrowave  sintering  and  joining  process.  The  sample  was 
polished  so  that  the  surface  was  parallel  to  the  interface.  By  doing  so,  the  interface 
could  be  evaluated.  The  distance  between  the  surface  and  the  interface  was  less  than 
41.9|im.  The  sample  was  then  mounted  on  a  glass  slide  for  use  with  the  SAM. 

From  scanning  electron  micrographs  of  the  edges  of  the  interface  for  the  sample 
which  was  microwave  sintered  and  joined  with  no  pressure  at  the  interface,  it  was 
seen  that  voids  existed  on  the  order  of  10-20nm  in  diameter.  It  follows  that  a  lens 
with  a  resolution  of  at  least  10)4.m  is  needed.  The  400MHz  lens  was  chosen  which 
has  a  resolution  of  9.26|j.m  and  a  maximum  penetration  depth  of  41.9p.m.  The 
objective  was  positioned  so  that  the  focal  point  could  be  placed  above,  below,  or  on 
the  interface.  SAM  micrograph  images  were  taken  at  all  three  of  these  depths. 

Figure  9  shows  the  black  and  white  images  of  Imm^of  the  sample  at  the 
interface.  The  contrast  is  the  result  of  voids  in  the  sample  which  cause  acoustic 
impedance  mismatch  and  strong  reflection.  The  darker  regions  tell  where  the  voids 
exist.  From  this  micrograph,  we  can  clearly  see  that  there  are  few  voids  located  at 
the  interface  which  has  a  dimension  similar  to  the  defects  shown  on  the  SEM 
picture.  For  the  surface  below  and  above  the  interface,  the  SAM  images  did  not 
show  any  voids.  A  lOOOMHz  lens  which  has  higher  resolution  and  lower 
penetration  capability  will  be  used  in  the  future  to  evaluate  other  joined  specimen. 


Figure  9.  SAM  Micrograph  at  interface  of  Microwave  Sintered  and  Joined  at 
1400OC  for  14  minutes  with  no  pressure,  lOOx 


CONCLUSION 

The  experimental  results  show  that  simultaneous  sintering  and  joining  using 
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microwave  heating  is  feasible.  This  method  can  be  used  to  produce  complex 
ceramic  components.  Its  usefulness  can  also  be  applied  to  ^e  production  of 
multilayer  capacitor  where  several  tape  casted  layers  are  stacked  together.  In  the 
case  where  joining  sbength  is  not  strictly  required,  the  pressure  applied  during 
sintering  and  joining  may  not  be  necessary.  Further  research  should  conducted 
to  examine  the  strength  of  sintering  and  joining  of  larger  samples. 
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ABSTRACT 

Microwave  energy  is  used  to  join  high  dielectric  loss  Si-SiC  to  Si-SiC  with  A1  foil  as  an 
interlayer.  Rapid  heating  with  moderate  applied  pressure  has  led  to  excellent  bond  stresigth  in  a 
short  time.  The  joining  was  successfully  achiev^  in  about  5  minutes  at  1250^  and  1.2  MPa 
axial  pressure  in  a  single  mode  microwave  cavity  without  damaging  the  samples.  The  joined 
specimen  interfaces  were  examined  using  optical  microscopy  and  scanning  electron  microscopy. 
The  diffusion  paths  of  A1  were  also  detected  with  electron  microprobe  image  mappmg.  Average 
fneture  strength  of  the  joined  specimen  was  shown  to  be  comparable  to  the  original  material 
strengdi  using  the  four  point  bending  fracture  test  Comparison  of  WeibuU  plots  for  original  and 
joined  Si-SiC  has  also  verified  the  high  strength  at  the  Si-SiC/Al/Si-SiC  interface. 

INTRODUCTION 

F«  more  than  a  decade,  research  has  been  performed  on  joining  ceramic  to  metal  for  electrical 
and  engineering  applications.  In  the  1980's,  microwave  energy  has  been  successfully  used  to 
join  similar  ceramics  with  or  without  an  ^esive  ceramic,  [1,2,3].  The  possibility  for  this  kind 
of  joining  is  to  heat  up  the  low  dielectric  loss  ceramic.  As  the  ceramic  heats  up,  the  loss 
tangent  will  increase  exponentially  with  temperature.  Because  the  energy  absorbed  by  the 
ceramic  is  proportional  to  the  square  of  the  loss  tangent,  it  can  be  heated  up  to  very  high 
temperatures  and  joined  in  a  short  time.  However,  some  ceramics  do  not  readily  reach  this 
temperature  without  adding  microwave  coupling  agents.  Furthermore,  once  the  ceramic  is  heated 
to  the  thermal  runaway  region,  a  thermal  breakdown  effect  for  local  heating  can  be  induced 
which  could  badly  damage  the  microstructure  of  the  ceramic. 

In  this  study,  we  join  cerarttic  to  ceramic  with  microwave  heating.  We  wish  to  t^e  advantage 
of  the  positive  features  of  microwave  heating  and  eliminate  the  negative  aspects.  Some 
ceramics,  like  silicon  carbide,  have  a  high  dielectric  loss  tangent  at  room  temperature  and  a  high 
themud  conductivity.  Therefore,  silicon  carbide  is  very  easy  to  heat  up  with  microwave  power  to 
some  temperatures,  but  not  to  the  thermal  runaway  region.  This  is  because  the  high  thermal 
conductivity  of  silicon  carbide  could  conduct  the  heat  to  the  surfaces  where  it  can  escape  and 
thus  eliminates  "hot  spots”.  We  try  to  use  these  properties  to  join  samples  of  SiC  together  in  a 
single  mode  microwave  cavity  with  aluminum  as  the  adhesive.  Aluminum  metal  has  been 
chosen  as  a  candidate  material  to  join  structural  ceramics  for  its  low  melting  temperature  and 
possible  chemical  reaction  with  ceramics  in  a  conventional  furnace  as  heating  sources,  [4]. 
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In  microwave  headng,  although  A1  metal  cannot  absorb  microwave  energy,  the  heat  generated 
from  the  silicon  carbide  can  heat  up  the  A1  by  conduction.  Figure  1  shows  the  set-up  and  the 
directions  of  heat  conducted  to  A1  metal  with  microwave  power  inside  the  cavity.  In 
Si-SiC/Al/Si-SiC'joiring,  the  highest  temperature  was  around  1250*  C  which  could  be 
martuKt  quickly  in  a  single  mode  miaowave  cavity  without  damage  to  the  silicon  carbide. 


Figure  1  Schematic  diagram  of  Si-SiOAI/Si-SiC  joining  with  microwave  power 
(a)  single  mode  cavity  (b)  heat  generated  from  Si-SiC. 
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MATERIALS 


Commercial  reaction  sintered  silicon  carbide  (Si-SiC)  samples*  were  used  in  this  woiic.  The 
Si-SiC  exhibits  a  bi-modal  microstiucture  of  SiC  grains;  the  small  grains  range  from  2  to  S  tun 
and  large  grains  range  100  to  ISO  (xm.  This  material  contains  11%  by  volume  free  silicon,  and 
the  bulk  density  was  3.1  gcm'^.  Si-SiC  appean  to  contain  no  porosity,  indicating  a  perfect 
bonding  and  infiltration  between  the  silicon  and  the  SiC  grains.  The  Si-SiC  blocks  to  be  joined 
were  cut  in  the  dimensions  IS  x  10  x  10  mm^.  and  all  the  surfaces  are  polished  with  a  IS  tim 
grit  diamond  wheel.  The  two-surfaces  were  made  parallel  to  each  other  to  avoid  any  mismatch 
between  them.  The  A1  foil**  surface  roughness  was  around  1  tim  and  the  thickness  was  16  tun 
before  joining.  To  minimize  the  oxidation  on  the  A1  surface  and  avoid  contamination  on  all  the 
surfaces,  the  samples  thus  prepared  were  used  immediately  after  cleaning  in  the  ultrasonic 
cleaner. 

EXPERIMENTAL  PROCEDURE 

In  preparation  for  microwave  joining,  A1  foil  was  sandwiched  between  a  pair  of  Si-SiC  blocks. 
The  specimen  was  then  placed  inside  the  center  of  a  single  mode  copper  cavity  (S"  x  4"  x  2") 
with  SOO  watts  microwave  power  supplied.  The  power  was  coupled  to  the  cavity  through  a 
variable  iris  and  tuned  to  resonate  at  2.45  GHz  by  an  adjustable  short  By  placing  through-tube 
quartz  ban  on  the  top  and  bottom  of  the  joining  Si-SiC,  pressure  was  applied  to  the  specimen 
from  outside  the  cavity  through  tubes  on  the  broad  sides  of  the  cavity.  These  tubes  are  designed 
to  provide  access  to  the  cavity  and  are  designed  to  support  only  modes  below  the  cut  off 
frequency  of  the  resonant  cavity.  The  whole  process  was  conducted  in  an  air  atmosphere  during 
heating.The  heating  history  was  recorded  on  the  joining  interface  by  a  pyrometer. 

After  joining,  the  specimen  was  gradually  polished  to  0.25  pm  around  the  Si-SiC/Al/Si-SiC 
interface  for  optical  microscopy ,  scanning  electron  microscopy  (SEM) ,  and  electron  microprobe 
analysis.  Original  Si-SiCs  without  microwave  joining  and  joined  Si-SiCs  were  then  cut  into 
rectangular  bars  of  dimension  1.5  x  2.0  x  30  mm^  for  the  four-point  bend  and  three-point  bend 
tests.  The  tensile  surfaces  were  polished  and  edges  were  beveled  to  remove  any  surface  crack 
flaws  caused  by  machining  Tor  ^1  the  testing  bars.  Ten  original  Si-SiC  bars  and  ten  joined 
Si-SiC  bars  were  fractured  separately  using  an  INSTRON  in  air  atmosphere  at  a  aoss  head  speed 
of  0.5  mmymin  as  shown  in  figure  2.  The  two  parameter  WeibuU  modulus  plot  was  used  for 
statistically  analyzing  the  fr^acture  strengths  of  original  and  joined  Si-SiCs.  Three  joined 
specimens  were  indented  on  the  interfaces  for  three-point  bend  test.  In  the  three-point  bend  test, 
we  try  to  estimate  the  direction  of  fracture  flows. 

RESULTS  AND  DISCUSSION 

For  joining  Si-SiOAl/Si-SiC,  the  total  microwave  processing  time  was  around  5  minutes  as 
shown  in  figure  3.The  maximum  surface  temperature  was  1250*  C  recorded  in  the  heating 
history.  After  the  temperature  stayed  for  one  minute  at  1250®  C,  the  power  was  turned  off  to  let 
the  joined  specimen  cool  down  to  the  room  temperature. 


*  Norton  Co.,  Worcester,  Mass. 

**  98.5  vo!%  Al,  0.5  vol%  Fe  and  1.0  vol%  Si,  Reynolds  Metals  Co.,  Richmond,  Va. 
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Flgnrc  2  Schematic  diagram  of  four-point  bending  test 


Figure  3  Heating  history  of  Si-SiOAI/Si-SiC  joining  with  microwave  power. 

Maximum  temperature  was  around  1250°  C. 

Figure  4  shows  the  typical  optical  micrographs  of  the  joined  Si-5iOAl/Si-SiC  interface.  Since 
the  highest  joining  temperature  was  around  1250°  C  which  could  melt  the  A1  metal  and  the 
applied  forces  on  the  specimen  could  accelemte  the  distribution  of  melted  n^tal  into  the  pores  on 
the  lurfaces  of  the  Si-SiC's,  a  uniform  interface  without  any  cracks  was  observed  at  the 
interface.  Residual  stress  problems  caused  by  the  thermal  expansion  mismatch  between  ceramic 
and  metal  could  be  relieved  in  the  molten  metal  also.The  thickness  of  die  A1  foil  was  reduced 
from  16  pm  to  5  pm  due  to  the  force  applied  in  the  joining  process.  Some  of  the  Al  is  squeezed 
out  from  the  interface  and  some  Al  dieses  into  the  Si-SiC  once  Al  has  been  melted.  Figure  5 
shows  the  SEM  and  electron  microprobe  photographs.  From  the  variation  of  Al  composition 
across  the  joint,  Al  diffuses  into  Si  but  not  the  SiC  grains.  It  is  possible  that  chemical 
reaction  between  Al  and  Si  might  occur  to  form  the  strong  bonding. 
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Typical  fractuie  paths  of  the  four-point  bend  and  thrci-point  bend  tests  are  shown  in  figure  6. 
For  the  four  point-bend  test,  the  joined  Si-SiC  ftactured  away  from  the  interface.  Futihermore, 
the  three-point  bend  test  specimen  was  notched  on  the  interface,  but  the  fracture  path  still 
flowed  into  the  base  material.  These  indicate  thjt  the  joined  specimen  has  higher  bond  strength 
in  the  Si-SiGAl/Si-SiC  interface  th^  the  Si-SiC  base  material. 


D 


(a)  (b) 


Rgure  6  Fracture  paths  of  (a)  four-point  bend  and  (b)  three-point  bend  tests.  Arrows  indicate 
the  joined  interface. 

Results  from  the  two  parameter  Weibull  statistical  approach  are  shown  in  figure  7  and  Table  1. 
As  predicted,  the  joined  specimen  has  higher  fracture  strength  than  the  original  ceramic.  These 
data  prove  that  the  interface  has  at  least  as  strong  and  perhaps  stronger  than  the  Si-SiC.  The 
higher  fracnire  strength  in  microwave  joining  has  also  been  reported  separately  by  Palith  ei  a/. [2] 
and  Fukushina  et  al.  (3]  for  joining  similar  ceramics  without  adhesives. 
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(a)  (t*) 

Figure  5  Photographs  of  Si-SiOAI/Si-SiC  interface  on  the  same  position  by  (a)  SEM 
(dark  phases  shows  the  SiC  grains)  (b)  electron  microprobe  image  of  A1  on 
the  interface  (A1  diffuses  into  the  Si  but  not  the  SiC  grains). 


Arrow  indicates  the  joined  interface. 
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Fracture  Strength  (MPa) 
2003  244.7  270.4 


Figure  7  WeibuU  plots  of  four-point  bend  strength  of  original  and  joined  Si-SiC  fracture 
strengths. 


Table  1.  Comparison  of  Original  and  Joined  Si-SiC  Mechanical  Properties 


Specimen 

Average  Strength 

Standard  Dev. 

WeibuU  Modulus 

Characterisdc 

Conriguration 

(MPa) 

(m) 

Strength  (Cq) 

Original 

15.1 

17 

222.2 

Joined 

14.2 

18 

225.6 
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CONCLUSION 


High  dielectric  loss  ceramic  to  ceramic  joining  using  a  metal  interiayer  with  microwave  power 
has  been  successfully  applied  to  a  Si-SiC/Al/Si-SiC  system  in  a  shtxt  joining  time.  Microwave 
heating  enhanced  the  diffusion  of  A1  into  Si  is  die  key  point  for  high  joined  fracture  stiength. 
As  is  evident  from  die  experimental  results,  ceramic/metal/ceramic  joining  is  also  achievable 
with  microwave  heating. 
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ABSTRACT 

AlOOH  gel  was  used  as  a  bonding  byer  for  alumina  samples  to  be  joined.  Microwave 
radiation  was  used  as  a  source  of  energy  in  a  multi-mode  cavity.  The  gel  was  btushed  on  the 
surfaces  of  the  substrates  to  be  joined  and  by  applying  pressure  of  0.6-2  MPa,  while  heated  with 
microwave  energy,  joints  of  different  suengths  were  produced.  The  maximum  strength  was 
achieved  at  16S0X  and  it  was  approximately  93  %  of  the  original  suength.  It  was  found  that  the 
use  of  AlOOH  gel  improves  the  joint  quality  for  samples  joined  at  relatively  low  temperature.  Our 
results  suggest  that  bonding  occuireJ  due  to  a  diffusion  process  at  the  interface. 

INTRODUCTION 

Sol-gel  processing  is  of  particubr  interest  in  the  ceramic  industry  due  to  the  unique 
properties  achieved  in  terms  of  particle  si/c.  Sol  is  a  dispersion  of  colloidal  particles  in  a  liquid. 
Colloids  are  solid  particles  with  diameters  of  1-100  nm  [1].  A  gel  is  an  interconnected,  rigid 
network  with  pores  of  submicromeier  dimensions  and  polymeric  chains  whose  average  length  is 
greater  than  a  micrometer.  The  gel  is  obtained  by  healing  the  sol  for  a  specified  temperature  and 
time,  or  by  any  other  means  that  reduce  the  liquid  between  the  colloids. 

The  subject  of  joining  of  ceramics  has  attracted  a  great  deal  of  attention  recently  as  a 
result  of  the  increasing  demand  for  ceramics  in  tlic  high-tech  industry.  The  importance  of  ceramic 
joining  arises  from  the  fact  that  ceramics  arc  difficult  to  machine.  Since  brge  and  complex  shapes 
arc  often  necessary,  a  satisfactory  joining  process  is  desired. 

One  of  the  newest  techniques  in  joining  of  ceramics  is  microwave  joining.  Meek  and 
Blake  [2|  were  the  first  to  report  fabrication  of  ccramic-glass-ccramic  seals  using  microwave 
energy.  They  succeeded  in  scaling  alumina  substrates  using  a  home-type  (700  Watt)  microwave 
oven.  The  joining  temperature  was  in  the  range  of  700-800®C  and  the  processing  lime  was  99 
minutes.  They  reported  that  the  predominant  bonding  mechanism  was  diffusion  bonding. 

Microwave  joining  of  ceramics  in  a  single  mode  cavity  has  also  been  carried  out. 
Fukushima.  Yamanaka,  and  Maisui  (3|  have  reported  joint  strength  equal  to  the  original  strength 
for  low  purity  alumina  ceramics  joined  directly  (without  intermediate  layer)  using  a  single  mode 
cavity.  The  joining  time  was  3  minutes  and  the  applied  pressure  was  0.6  MPa.  Joining  of  high 
purity  alumina  was  also  earned  out  using  a  lower  purity  interlayer,  but  the  joint  strength  in  this 
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purity  alumina  was  also  carried  out  using  a  lower  purity  interlayer,  but  the  joint  suength  in  this 
ease,  was  between  70  %  and  90  %  of  the  base  ceramics.  The  maximum  strength  was  achieved  for 
samples  joincd.at  temperatures  of  17S0°C  or  higher.  Paiaith  and  Silberglitt  [4]  have  used  almost 
the  same  approach  to  join  Si^N^,  AI^O,,  and  mullitc.  However,  in  their  experiments,  the  joining 
process  was  monitored  by  using  an  acoustic  NDE  system.  With  this  system,  different  stages  of 
the  joining  process  can  be  monitored  by  analyzing  the  echoes  from  the  joint  interface. 

This  paper  describes  a  joining  process  for  alumina  subsuates  using  a  new  technique  in 
which  AlOOH  gel  is  the  interlayer  and  the  microwave  energy  generated  in  a  multi-mode  cavity  is 
the  heating  source. 

EXPERIMENTAL  PROCEDURE 

Sample  Preparation 

Alumina  substrates'  (94  %  purity)  were  used  in  this  study.  These  substrates  contain  3 
wt%  SiOj  and  2  wt%  MgO.  The  substrates  were  cut  into  0.45- 1  cm"  specimens  using  a  diamond 
saw.  The  AlOOH  sol  was  obtained  by  a  process  described  by  Clark  and  Lanuui  IS]; 


90“C 


AKOC.H,),  +  HjO 

— > 

AI(OC4H,)j  (OH)  +  C,H,OH 

AI(0C4H,)j  (OH)  +  2HjO  -» 
Acid 

2C4H,0H  +  AlOOH  t-  HjO 
(Sol) 

AlOOH 

-* 

AlOOH 

(Sol) 

reduce 

liquid 

(Gel) 

AlOOH 
.  (Gel) 

-» 

1300'C 

a-Al,0,  +  HjO 

The  sol  was  then  heated  until  gelation  suite  were  achieved. 

Since  alumina  docs  not  couple  with  2.45  GHz  microwaves  at  low  utmpcraturcs,  a 
susceptor  was  manufactured  to  increase  the  temperature  to  the  coupling  temperature  at  which 
alumina  begins  to  absorb  microwave  radiation.  The  suscepror  consists  of  a  zirconia  cylinder  lined 
with  SiC  as  a  coupling  material. 


'AISiMag  Technical  Ceramics,  Inc.,  Laurens,  SC  29360 
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The  Joining  Process 

Gel  was  brushed  on  both  surfaces  of  the  samples  to  be  joined.  These  samples  were  placed 
inside  the  susceptor  and  the  entire  assembly  was  placed  inside  the  microwave  cavity  which  contains 
cight-2.45  GHz  magnuons  each  with  800  W  of  power.  After  applying  pressure  of  0.6-2  MPa.  3-4 
of  the  8  magnuons  were  turned  on.  Different  joining  temperatures  were  attempted  from  1450'C 
to  IbSO'C.  Also,  different  processing  times  were  attempted  (ramp  time  =  11. 3-35  min,  .soak  time 
=  10-33  min)  to  achieve  maximum  joint  suength.  At  a  temperature  of  1300X,  the  AICX)H  gel 
transforms  into  a-AljO,  colloids  |5).  After  the  joining  process,  the  specimens  were  allowed  to 
cool  in  air  to  room  temperature. 

Characterization 

Bending  suength  measurements  for  the  joined  specimens  were  obtained  from  three -point 
bending  test  After  cutting  the  joined  specimens  in  a  direction  normal  to  the  joint,  scanning 
electron  micrographs  and  x-ray  micrographs  of  the  joint  area  were  obtained,  using  a  wave  length 
dispersive  electron  microprobc. 

RESULTS 

Indicating  the  importance  of  the  u.sc  of  the  gel,  our  results  show  that  at  a  joining 
temperature  of  I520‘"C,  pressure  of  0.6  MPa,  and  soak  time  of  10  min,  the  joining  did  not  occur 
when  gel  was  not  present  at  the  interface.  However,  under  the  same  conditions,  and  when  the  gel 
was  used,  joining  did  occur.  Furthermore,  the  joining  occurred  in  both  cases,  w  iih  and  without  gel, 
for  joining  temperatures  greater  than  1520'^C. 

The  effect  of  joining  temperature  on  joint  quality  is  shown  in  Figures  1 . 2  and  3.  Figure 
I  shows  SEM  micrographs  for  .samples  joined  at  I.SZO'C.  I6(X)X,  and  165()''C  with  gel  as  a 
bonding  layer.  As  shown  in  this  figure,  it  is  possible  to  discern  the  joint  in  the  sample  joined  at 
1520°C,  while  it  is  impossible  to  discern  the  joint  in  the  sample  heated  at  16.S0'C.  Figure  2  shows 
x-ray  maps  for  Si  of  specimens  joined  ^t  1520'^C  and  1650X.  In  (a),  fields  depleted  of  Si  can  be 
observed  along  the  joint,  while  in  (b),  a  homogeneous  distribution  of  Si  is  observed.  Figure  3 
represents  the  results  of  the  bending  strength  test  of  the  joined  samples  compared  to  the  strength 
of  the  original  mau:rial  (a.s-rcccivcd  material)  and  the  suength  of  two  subsuates  with  no  joining. 
The  maximum  suength  was  achieved  at  1650'^C  and  was  approximately  93^1  of  the  original 
suength.  Another  way  to  estimate  the  joint  quality  was  to  examiiK  the  fracture  surface  to  observe 
any  deviation  in  the  course  of  the  fracture.  As  shown  in  Fig.  4,  for  the  specimen  joined  at  i6(X)^'C, 
there  is  a  slight  deviation  in  the  eoursc  of  the  fracture  at  the  joint,  while,  for  the  1650"C  specimen, 
there  is  no  change  in  the  fracture  course  at  the  joint. 
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Figure  1,  SEM  micrographs  of  ihe  joini  area  for  (a)  sample  joined  at  1520  C,(b)  sample  joined  ai 
16(X)T,  and  (c)  sample  joined  at  1650^C. 
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Figure  4.  Fracture  surfaces  of  fa)  sample  joined  at  IWXl'-'C  and  (bi  sample  joined 
at  Ifi.WX. 


DISCUSSION 

As  indicated  earlier.  AlOOH  gel  uanslorms  into  Al,0,  colloids  at  a  temperature  of 

1300°C  Since  all  joining  temperatures  investigated  exceeded  this  temperature,  the  gc  w  ic  is 

the  voids  at  the  interface  helps  in  reducing  voids  at  the  jtnnt  and.  as  a  result,  helps  in  improving 

the  joint  strength.  , 

The  other  effect  of  the  gel  anses  from  the  standpoint  ol  the  sintering  rates  of  colloids. 

Since  the  sintering  rate  is  inversely  proportional  to  the  particle  si/e  16).  Al.O,  colloids,  which  arc 
very  small  ( 1  -  KX)  nm).  w  ill  have  a  high  sintering  rate.  This  may  e.splain  the  improvement  in  joiius 
obtained  at  low  temperatures  when  the  gel  was  used.  Another  adsantage  in  using  the  gc  is  the 
behavior  of  the  gel  as  an  adhesive  at  room  temperature.  This  means  that  there  is  no  need  tor  any 
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additional  means,  such  as  binders,  to  hold  pieces  together  before  or  during  the  joining  process. 
In  addition,  the  use  of  AlOOH  gel  provides  consistency  in  the  properties  across  the  joint  as  the  gel 
transforms  during  the  joining  process  to  a-Al20,  which  is  the  bulk  material  itself. 

The  use  of  the  microwave  energy  has  also  several  advantages  from  the  standpoints  of 
processing  time  and  power.  In  addition,  it  is  suggested  that  the  use  of  the  microwave  energy  has 
more  than  a  thermal  effect.  Microwave  energy  may  have  an  effect  in  improving  the  diffusion  of 
atomic  species  across  the  interface,  and  this  results  in  strong,  hard  to  discern,  and  consistent  joints 
at  specified  joining  temperatures. 

CONCLUSION 

The  use  of  AlOOH  gel  in  microwave  joining  of  alumina  is  a  useful  way  to  produce  strong 
alumina-alumina  joints.  The  advantages  in  using  the  gel  arc: 

*  Reduction  in  joining  time,  joining  temperature,  and  as  a  result,  required  power. 

*  The  use  of  AlOOH  gel,  instead  of  other  materials,  as  a  bonding  layer  is  more  favorable 
since  AlOOH  gel  transforms  into  a-AIjO,  during  the  process  and  this  provides  a 
consistency  in  the  properties  across  the  interface. 

*  The  gel  acts  as  an  adhesive  at  room  temperature,  this  would  help  in  holding  the  samples 
together  without  using  additional  binders. 

The  use  of  the  microwave  energy  in  joining  of  ceramics  indicates  that  this  method  is  an 
efficient  way  to  join  ceramics  considering  proce.s.sing  time,  processing  power,  and  the  possible  non- 
thermal  effects  of  microwave  energy. 
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ABSTRACT 

In  microwave  joining  of  composite  materials  as  well  as  in  high  frequency  dielectric  heating  for 
processing  of  polymeric  materials,  proper  loss  factors  in  the  joining  adhesives  and  in  the 
sensitizers  are  essential.  A  composite  material  can  be  tailored  through  its  chiral  microstnicture  to 
attain  a  desired  absorption  mechanism.  For  surface  heating  as  well  as  in  microwave  joining,  a 
fairly  high  loss  factor  is  produced  in  chiral  composite  materials.  For  volumetric  beating,  a 
preferred  loss  factor  can  be  obtained  using  chiral  composites  to  optimize  the  dielectric  processing. 

INTRCMHJCnCW 

Novel  chiral  materials  and  their  composites  have  recently  drawn  lots  of  attention  from  the  research 
community  as  well  as  from  various  application  groups  in  the  industry.  In  less  than  Five  years,  the 
interest  originally  focusing  on  the  acattonic  research  has  been  directed  towards  the  manufacturing  of 
chiral  materials.  In  order  to  tailor  such  novel  materials,  dependable  equations  in  predicting  their 
performance  as  well  as  the  material  properties  when  they  are  used  in,  for  example,  microwave 
joining  and  processing  of  materials,  are  indi^nsable. 

A  chiral  material  is  characterized  by  either  a  left-handedness  or  a  right-handedness  in  its 
microstnicture.  As  a  result,  in  a  chiral  material  left  circularly  polarized  (LCP)  and  right  circularly 
polarized  (RCF)  fields  propagate  with  different  phase  velocities.  Because  the  specific  attribute  of 
chirality  is  the  geometry  of  the  material  microstiucture.  Therefote,  it  can  be  Inought  into  the 
design  and  manufacture  of  artificially  chiral  materials  or  chiral  composites  which  would  exhibit 
similar  effects  like  optical  activity  but  at  much  lower  frequencies,  for  example,  microwave 
ftequencies  [1]. 

An  incident  LCP  or  RCP  field  will  give  both  scattered  LCP  and  RCP  fields  in  a  chiral  composite 
medium  due  to  iu  interaction  with  chiral  microstructures.  However,  this  phenomenon  will  not 
occur  if  microstructures  are  made  of  lossy  dielectric  materials.  A  dispersion  equation  can  be 
obtained  for  either  an  LCP  or  an  RCP  incidence  which  is  suitable  for  frequency  dependent  analysis. 
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Numerical  lesulu  for  absorpboo  of  a  chiral  layer  using  the  cunent  fonnalisnt  are  also  presented  and 
compared  with  measurements  made  in  the  microwave  laboratory  of  the  Center  for  the  Engineering 
of  Electronic  and  Acoustic  Materials  at  Pennsylvania  State  University.  Comparison  of  attenuations 
among  different  microwave  absorbing  composites  shows  the  excellent  performance  from  chiral 
composite  materials. 

ccwsmunvE  and  wave  equations  for  a  chiral  medium 

Consider  a  region  V  occupied  by  an  isotropic  chiral  medium  in  which  the  constitutive  relations 

Pc  Me  ^  ^  H  0) 

hold.  The  prt^Krties  associated  with  subscript  c  represent  those  of  the  isotropic  chiral  medium.  The 
em  field  can  te  transformed  to  [1] 


where  the  left*  (LCP)  and  the  right*  (RCP)  circularly  polarized  fields,  Qi^  and  Qj^,  respectively, 
must  satisfy  the  conditions 

{ V2  +  kL2)  Ql  -  (h  (V2  +  kR2)  Qr  .  0.  (3) 

In  the  above  equations,  the  matrix 


lAcl- 

while, 

kL«kc/(l-kcPc):  aL»-i(C(/Mc)’^ 

and 

kR«kc/(l  +  kcPc);  aR«-i(Cc/Mc)”’^- 

MULTnUE  SCATTERING  FORMULATION 

It  is  well  known  that  when  a  wave  propagates  through  a  medium  containing  dispersed  particles,  the 
entrained  energy  (intensity)  is  redistributed  in  various  directions  by  scattering  and  absorbed  by 
intrinsic  absorption  mechanisms.  By  appropriately  controlling  the  host  and  inclusion  properties,  as 
well  as  the  geometry  and  distribution  of  the  inclusion  phase,  it  is  possible  to  increase  die 
absorption  of  energy  in  a  composite  medium. 
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Because  chirality  of  the  inclusion  phase  can  enhance  the  absoiptioa  of  electromagnetic  waves,  a 
novel  microwave  adhesive  may  be  made  of  a  lossy  dielectric  material  (host  phase)  containing 
randomly  distributed  microballoons  made  of  a  chiral  material.  The  absorption  of  the 
electromagnetic  energy  of  such  a  composite  can  be  investigaied  by  studying  die  propagation  of  an 
electromagnetic  wave  through  such  a  chiral  composite  material 

We  consider  N(N  -»  ••)  chiral  scatterers  randomly  distributed  in  a  nonchiral  medium  of  volume 
V(V  -»  eo)  30  that  the  number  of  particles  per  unit  volume  Oq  e  tf/V  is  finite.  The  incident  field 
can  be  either  an  LXTP  or  an'RCP  one.  Here.  We  consider  an  incident  LCP  Tieid,  however,  the 
formulation  hdds  for  an  incident  RCP  field  as  well  For  the  scattering  of  waves  by  those  scatterers 
located  at  r],  r2. . . ..  rjt}.  the  total  field  and  the  exciting  fields  outside  the  scatterer  can  be 
expressed  by 

U(r)  -  QVr)  +  r  Q  V  (r  -  rj)  ♦  Z  Q  V  (X  -  ri).  (5) 

QVfr)-Q“L«  +  2:Q®L‘(r-ri)  (6) 

Q«R»«-  IQV('-n)  C7) 

where  Q\  is  the  incident  LCP  field  and  Q  V  and  are,  respectively,  the  scattered  LCP  and 

RCP  fields  from  the  i-lh  scatterer.  The  exciting  LCP  and  RCP  fields  at  the  j-th  scatterer  are 
expressed  as  Q\i  and  respectively.  All  the  fields  in  Eqs.  (S)  -  (7)  can  be  expanded  using  the 


basis  functions  as  follows 

QOL(r)-IajiRcLt(r-r,)  (8) 

Q\J(r)-ICVReLx(r-ri) 

Q»Li(r)-rFVOuL,(r-ri)  (10) 

QeRi(r)-rDVReRt(r-ri)  (11) 

QV(r)-ZGt‘OuR,(r-ri)  (12) 


In  Eqs.  (8)  -  (12),  the  vector  circular  functions  L  and  R  represent  the  left-  and  right-  circularly 
polarized  fields  which  can  propagate  in  a  chiral  medium.  The  relationships  between  L  and  R  and 
the  commonly  used  vector  basis  functions  M  and  N  [2]  are  through  L  » !Vf  4-  N  and  R  s  M  - 
N.  The  qualifiers  Re  and  Ou  are  associated  with  the  regular  (incident  and  exciting)  and  outgoing 
(scattered)  fields.  For  a  time  harmonic  incident  plane  field,  all  the  fields  have  implicit  time 
dependence  e~'^^  The  expansion  coefficients,  except  the  incident  field  a^',  the  exciting  and 
scattered  ones,  Le..  C,  F,  D,  and  G  are  all  unknown  which  need  to  be  determined  using  the 
boundary  conditions. 

After  substituting  Eqs.  (8)  -  (12)  in  Eqs.  (6)  and  (7)  and  applying  the  translation-addition  theorem 
as  well  as  the  orthogonality  conditions  for  the  vector  basis  functions,  we  have  the  following 
equations  for  the  exciting  LCP  and  RCP  field  coefficiems  C  and  D. 

C,«-ati  +  IirF,J[aq(rij)I  (13) 
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D,UlII<V(pq(rij))  (14) 

In  the  above  equations,  [Oq]  and  [pq]  are  the  translation  matrices  whose  details  can  be  woilxd  out 
in  terms  of  the  3>j  or  6-j  symbols  depending  upon  the  orientation  of  the  scatterers. 


Equations  (13)  and  (14)  can  be  teexpressed  in  terms  of  only  and  if  the  T-matrix  P]  is 
invoked.  For  a  chiral  scatterer,  the  scattered  LCP  and  RCP  field  coeHi'tients  ate  related  to  the 
exciting  LCP  and  RCP  fleld  coefficients  through  the  following  matrix  equation: 


• 

F 

iLL 

jLR 

C 

G 

l-RR 

« 

D 

where  and  are  the  T-matrix  elements  of  the  chiral  scatterer.  The 

superscripts  denote  the  mode  conversion.  For  example,  ”LR*  represents  the  scattered  LCP  field  due 
to  an  exciting  RCP  field.  The  mode  conversion  will  vanish  for  a  spherical  scatterer  without 
chirality  and  also  in  this  case  is  equal  to  T^.  Eqs.  (13)  and  (14)  can  thus  be  converted  to  the 
following 


C,'-axi  +  IXlJ:(T^<V  +  TlJ^Dxj)taq(rip]  (16) 

(T*LCxj  +  TRRDtj)lpq(rij)l  (17) 

Because  the  chiral  particles  are  randomly  dispersed  in  a  matrix  medium,  a  configuration  or 
ensemble  average  needs  to  be  performed  over  all  possible  arrangements  over  the  positions  of  the 
particles  in  order  to  obtain  die  average  field  which  is  meaningful  in  describing  the  random  medium. 
Following  our  previous  derivations  in  multiple  scattering  analysis  [3,4,5,]  when  this  operation  is 
done  on  Eqs.  (16)  and  (IT),  we  have 

-a,i  +  norillCI^  <C^J>j  + 1^  <D,  j>j )  Gfrjj)  [Oqfripidrj  (18) 

-  no  r  I  r  J  ( T^i-  <C, j>j  +  tRR  <D^  j>j )  G(rij)[Pq(ry)]drj  (19) 

where  the  angle  bracket  represents  the  configuration  or  ensemble  average.  The  subscript  associated 
with  it  is  for  the  conditional  configuration  average,  i.e.  the  position  of  a  given  particle  is  not 
random  anymore  but  conditional.  G( )  is  the  jcint  probability  distribution  function  which  gives  the 
probability  of  joint  occurrence  of  two  particles  separated  by  a  position  vector  ry.  Eqs.  (18)  and 
(19)  actually  restrict  the  physical  properties  of  the  particles  so  thm  all  particles  are  the  same  except 
their  orientations  and  positions  which  are  random.  Without  repetition,  details  of  these  can  all  te 
found  in  our  previous  publications  (3,441. 


Equations  (18)  and  (19)  can  be  used  to  solve  the  efrective  propagation  constant  for  an  incident 
LCP  field  as  those  work  done  in  finding  the  complex  effective  wavenumber  of  an  effective 
medium.  Similarly,  if  an  incident  RCP  field  is  corisidcred,  the  same  procedure  can  be  used  to  find 
k{(.  The  subscripts  L  and  R  tell  the  nature  of  the  effective  propagation  constant  which  is  either 
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LCPor  RCP.  Hie  reason  is  that  if  the  composite  medium  becomes  effectively  chiral,  the  effective 
pnpagatioa  constant  should  bear  the  same  polaruation  of  the  incidem  field  which  in  this  paper  is 
eidier  LCP  or  RCP. 

The  effective  wave  number  <k>  «  <k|>  +  i  <k2>  can  be  solved  from  the  above  equations  as  a 
frinctioo  of  the  frequency  via  k,  the  size  and  propoties  of  the  scatterer  via  the  T-matrix.  The  real 
part  <ki>  describes  the  phase  velocity  while  the  imagihary  pan  ^2^  Sivcs  the  attenuation  of  the 
amplitude  of  the  average  wave  in  the  effective  medium.  a  nonmagnetic  composite  material, 
the  effective  loss  factor  <  e'->.a  related  to  the  effective  wavenumber  K  through  the  following 

<e*>-Imt(<k>/k)2tl  (20) 

where  e  is  the  relative  permittivity  of  the  matrix  materiaL  Im[  ]  denotes  the  imaginary  pan  of  [  ]. 

Although  Eqs.  (18)  and  (19)  are  symbolically  simple  and  clear,  in  practice,  they  are  fairly 
complicated  to  solve.  Hie  dcgitc  of  the  numerical  hardship  increases  with  the  increasing  frequency. 
In  one  of  our  papers,  some  numerical  results  have  been  obtained  when  the  composite  metlium  is 
considered  to  be  nonchiral  [5].  Even  for  b..  case,  the  contribution  of  chir^ity  towards  the 
attenuation  of  the  chiral  composite  medium  is  '7  jiderable.  In  addition,  the  dynamic  response  in 
attenuation  shows  quite  a  broad  bandwidth. 

RESULTS  AND  DISCUSSION 

In  the  microwave  laboratory  at  Penn  State,  we  have  made  several  chiral  samples  of  diqiersing 
different  volume  fractions  of  metal  helices  in  an  epoxy  resin  (eccogel  1365-90  from  Emerson  and 
Cuming.  Inc.,  Canton,  MA).  A  free  space  microwave  testing  facility  has  been  used  to  measure  the 
reflection  and  transmission  coefficients  of  these  samples.  Details  on  the  measurement  seuip, 
calibration,  as  welt  as  on  the  data  conversion  can  be  found  in  [6,7].  The  experimental  procedure 
enqiloyed  to  obtain  the  data  repotted  here  is  well  described  in  an  article  in  this  issue  by  Ro  et  al. 
[6].  Comparison  of  the  calculated  results  with  those  measured  are  presented  in  Table  1. 

Table  1.  Attenuations  Calculated  and  from  the  Transmission  Measurements. 


Type  of  Chiral  Sample  •  Rigat-handed  and  lefr-handed  metal  springs  of  0.8%  volume  fraction  in 
eooogd 

Sample  Thickness  »  1.17  cm 


Frequency  (GHz)  Loss  in  dB  (Computed)  Loss  in  dB(Measured)  <k2>  (in  m“*)  (Computed) 
Right  (Left)  Right  (Left)  Right  (Left) 


13 

-3.71  (-3.63) 

-3.41  (-327) 

36.6(35.9) 

14 

-  3.60  (-  3.42) 

-  3.14  (-  2.93) 

35  J  (33.8) 

IS 

-3.30  (-324) 

-2.91  (-2.77) 

32J  (32.0) 

16 

-3.14(-3J1) 

-2.90  (-2.97) 

31.0(32.8) 

17 

-  3.09  (-  3.72) 

-  3.13  (-  3.48) 

30.4  (36.8) 

18 

-3.07  (-3.75) 

-3.41  (-3.69) 

302(37.1) 
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Three  microwave  composite  materials  are  compared  based  on  thdr  absorbing  capabilities.  Because 
the  imaginary  part  ^2^  ^  eHective  wavenumber  <k>  is  proportional  to  the  attenuation  of 
such  composites,  calculated  results  for  those  materials  are  presented  for  <k2>  only.  The  conversion 
of  <k2>  to  the  physical  dB  scale  is  quite  straightforward  if  the  thickness  of  the  material  is  given. 
Table  2  presents  computed  <k2>  for,  ferrite  powders,  lossy  dielectric  powders,  and  metal  helices, 
all  in  eccogel  with  thiM  dinerent  volume  fractions.  Although  the  frequency  is  13  GHz,  because  the 
sizes  of  the  di^tersions  are  ail  considered  to  be  much  smaller  than  the  wavelmgth,  the  results  are 
for  the  response  in  the  Rayleigh  region.  BecauK  of  low  mass  loading  of  the  composites,  the 
reflection  loss  for  the  current  situation  is  minimized  which  is  also  verifLd  by  the  experiments  done 
on  the  composites  with  metal  helices.  The  scattering  loss  has  been  counted  for  and  it  is  much 
smaller  than  the  absorption  loss  in  the  Rayleigh  region  for  this  case.  From  the  magnitudes  of 
<k2>,  one  can  tell  that  the  chiral  composite  material  has  the  superior  absorbing  ability  compared 
to  the  other  tvro  commonly  used  microwave  absorbing  composite  materials  in  which  the  particles 
are  assumed  to  be  ^therical  in  shape. 

Table  2.  Comparison  of  Calculated  Attenuations  among  Different  Microwave  Composites. 


Matrix  material :  eccogel  (  e  «  2.72  -f  0.067  i;  p  =  1  -t-  0  i ) 
Frequency :  13  GHz 


Type  of  Dispersions 

Ferrite  Powders 

Lossy  Dielectric  Powders 

Metal  Helices 

Volume  Fraction 

<k2>  (in  m“  *) 

<k2>  (in  m“  *) 

<k2>  (in  m~  *) 

0.8% 

5.52 

5.88 

36.6 

1.6% 

5.52 

6.23 

75.6 

3.2% 

5.50 

6.93 

172 

In  addition,  we  consider  a  composite  material  having  three  different  property  combinations  and 
show  the  enhanced  absmption  due  to  the  chiral  microstructure.  In  all  the  cases,  the  volume  fracdon 
of  the  microstructure  is  taken  to  be  0.03.  From  Table  3,  it  b  obvious  that  chirality  in  addition  to 
the  lossy  dielectric  property  gives  the  largest  absorption  which  could  be  as  high  as  three  thousand 
limes  that  of  lossy  dielectric  spheres  at  U  GHz.  Thb  fact  indicates  that  for  given  microwave 
composites  embedded  with  chiral  microballoons  the  frequency  can  be  tuned  in  order  to  achieve  a 
maximum  absorption  like  the  principle  used  in  the  design  of  microwave  oven.  We  clearly 
elucidated  the  effect  of  enhanc^  absorption  loss  using  a  step  by  step  approach.  First,  lossy 
dielectric  spheres  introduce  the  absorption  loss.  Next,  the  lossy  chiral  spheres  increased 
dramatically  the  absorptim  loss  compared  to  that  of  lossy  nonchiral  spheres  beyond  1  GHz.  The 
last  case  considers  lossy  chiral  microballoons  in  a  lossy  matrix  whose  intrinsic  loss  factor  b  0.2 
and  such  a  chiral  composite  turns  out  to  provide  a  much  larger  abs<»ption.  The  excess  absorption 
u  mainly  from  the  enhanced  absorption  due  to  chirality. 

In  Table  3  the  effective  loss  factor  <e''>  is  obtained  using  Eq.  (20)  in  which  <k2>  is  implicit  in 
the  expression  of  Imt<k>/kl.  The  effective  wavenumber  <k>  u  calculated  through  a  multiple 
scattering  computer  code  developed  at  our  research  center  using  the  dispersion  relation  (5]. 
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Table  3.  Effective  Loss  Factors  <  e*  >  in  Different  Composites  with  Lossy  Microballoons 
with/without  Chirality.  (The  Relative  Permittivity  of  the  Matrix  Material  is  2.5  +  Em*  i  and 
That  of  the  Microballoon  is  20  Cg’  i.  Ibe  Radius  b  of  the  Microballoon  is  9.S  mm) 


Frequency 

(GHz) 

Casel.  Cffl’aO 
ej’-0.2. 

p=o 

<e’> 

Case  2.  eg,’  >  0,  . 

e,"-0.2 

P  s  1.0  X  m 

<e’> 

Case  3. 

<e*> 

em’-0.1 

es’»02 

P=1.0xl0-*m 

0.5 

0.1372x10-2 

0.1419x10-2 

0.1090 

1.0 

0.4207x10-2 

0.5619x10-2 

0.1157 

15 

0.1280x10-* 

0.9269 

1.006 

2.0 

0J290X10-* 

0.2712 

0J677 

2.5 

0.7606x10-* 

02126 

03111 

CCWCLUSIONS 

From  the  results  presented,  chiral  composite  material  proves  to  be  one  of  the  best  candidates  for 

miciowave  absort^ers.  In  addition,  when  a  chiral  absoito  is  considered,  a  umable  frequency  (or  a 

desired  operating  frequency)  is  available  by  tailoring  the  size  of  its  microsoucture. 

REFERENCES 

1.  A.  Lakhtakia,  V.K.  Varadan,  and  V.V.  Varadan,  Time-Harmonic  Eiectromagnttie  Fields  in 
Chiral  Media,  Lecture  Notes  in  Physics  335,  Springer-Verlag,  New  York  (1989). 

2.  P.M.  Morse  and  H.  Feshbach,  Methods  of  Theoretical  Physics,  Vol.  2,  McGraw-Hill,  New 
York,  1953. 

3.  V.K.  Varadan  and  V.V.  Varadan,  eds..  Acoustic,  Electromagnetic  and  Elastic  Wave 
Scattering-Focus  on  the  T-matrix  Approach,  Pergamon  Press,  New  York,  1980. 

4.  V.K.  Varadan,  Y.  Ma,  and  V.V.  Varadan,  ’Coherent  electromagnetic  wave  propagation  through 
randomly  distributed  and  oriented  pair-correlated  dielectric  scatteters,”  Rofio  Science  19, 144S, 
1984. 

5.  V.V.  Varadan,  Y.  Ma,  and  V.K.  Varadan,  ’Effects  of  chiral  microstiucturcs  on  em  wave 
propagation  in  a  lossy  dielectric  composite  material,’  Radio  Science  24, 785, 1989. 

6.  R.  Ro,  V.V.  Varadan,  and  V.K.  Varadan,  ’Parametric  experimental  study  on  chiral 
composites,*  this  issue,  1991. 

7.  DX  Ghodgaonkar,  V.V.  Varadan,  and  V.K.  Varadan,  ’A  free-space  method  for  measurement  of 
dielectric  constants  and  loss  tangents  at  microwave  frequencies,’  IEEE  Trans.  Instnim.  Meas. 
IM-38. 789,  1989. 


Microwaves 


529 


PARAMETRIC  EXPERIMENTAL  STUDY  OF  MICROWAVE  ABSORPTION 
IN  CHIRAL  COMPOSITES 


Ruyen  Ro,  Vasundara  V.  Varadan  and  Vijay  K.  Varadan 
Center  for  the  Engineering  of  Electronic  and  Acoustic  Materials  & 
Department  of  Engineering  Science  and  Mechanics 
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ABSTRACT 

Theoretical  and  experimental  studies  have  shown  that  chiral  composites 
constructed  by  embedding  chiral  inclusions  in  an  otherwise  achiral  lossy  medium 
enhance  power  absorption  in  the  microwave  frequency  range.  Chiral  composites 
can  hence  be  used  as  microwave  absorbers  to  achieve  rapid  heating  during 
microwave  processing  of  ceramics,  glais,  and  composites.  Power  absorption 
bands  of  chiral  composites  arc  discussed  and  the  corresponding  ratio  of  the  one 
turn  length  of  the  chiral  inclusion  to  the  wavelength  in  the  medium  L/Xj  are 
reported.  This  ratio  can  be  used  to  optimize  absorption  at  different  operating 
frequencies.  Experimental  studies  on  chiral  composites  having  different  sizes  of 
chii^  inclusions  are  also  included. 

INTRODUCTION 

In  recent  years,  the  exploitation  of  microwave  energy  in  thermal  processing  of 
materials  has  caused  great  interest  [1].  The  prevalent  applications  of  microwave 
power  have  been  seen  in  the  dehydration  of  various  materials  and  in  the  processing 
of  ceramics,  glass  and  composites  {2,  3,  4].  The  major  advantages  of  the 
microwave  heating  arc:  1)  high  heating  rates  can  be  obtained  because  of  microwave 
absorption  inside  the  material  2)  energy  can  be  applied  or  removed  instantly  and  3) 
the  heating  is  volumetric  rather  than  surface  heating.  The  fundamental  principle  of 
applying  microwave  powers  in  materials  processing  is  due  to  loss  mechanisms 
(dielectric  and  magnetic)  in  the  material  during  the  interaction  of  electromagnetic 
waves.  Since  many  ceramics  are  difficult  to  heat  using  microwave  power  due  to 
their  low  dielectric  loss  tangent  at  room  temperature,  the  microwave  processing  of 
ceramics  is  limited  to  those  which  have  a  high  dielectric  loss  tangent  However, 
with  the  help  of  a  sealing  agent  or  interlayer  which  exhibits  microwave  absorption 
properties,  microwave  sealing  or  joining  of  ceramics  is  possible.  For  example. 
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coupling  agents  such  as  SiC  and  Si3N4  v. .  iikers  have  been  used  to  couple 
electromagnetic  waves  for  microwave  sinteri’'  j  of  the  matrix  materials  Al2C>3*SiC 
and  &02-Si3N4,  which  are  transparent  to  microwave  energy  [5].  Recently,  the 
research  group  at  Penn  State  has  discovered  theoretically  and  experimentally  that 
chiral  composites  can  enhance  microwave  absorption  [6,  7,  8,  9].  Due  to  recent 
progress  in  the  construction  of  artificial  composites  and  synthesis  of  polymers,  it  is 
feasible  to  design  artificial  chiral  composite  materials  consisting  of  specified 
materials.  Lately,  we  have  developed  a  method  for  determining  the  electromagnetic 
properties  of  clii^  composite  materials  in  the  frequency  range  8-40  GHz  [  10].  It  is 
also  important  to  investigate  the  power  absorption  bands  of  chiral  composites  not 
only  for  confirming  the  "Cotton  effect"  phenomenon  [1 1]  but  also  for  designing 
chiral  composites  as  microwave  absorbers.  From  electromagnetic  properties  of 
chiral  composites,  the  ratio  of  the  one  turn  length  of  the  chiral  inclusion  to  the 
wavelength  in  the  chiral  medium  which  maximizes  power  absorption  can  be 
calculated  and  will  be  examined  in  this  study. 

Optical  activity  and  chirality  have  been  observed  for  almost  two  centuries.  The 
twin  phenomena,  optical  rotation  dispersion  (ORD)  and  circular  dichroism  (CD), 
are  the  sj^ial  features  of  optically  active  media.  They  can  be  exrfained  by  directly 
substituting  new  constitutive  relations,  e.g.,  D  =  eE  +  pe  V  x  E  and  B  =  pH  + 
Pp  V  X  H,  into  Maxwell’s  equations  [8,  12].  Here,  e  and  p  are  the  complex 
permittivity  and  permeability,  respectively,  while  P  is  the  complex  chirality 
parameter  which  results  from  any  chirality  (handedness)  in  the  microstructure  of 
the  medium.  For  a  normally  incident,  linearly  polarized  wave,  the  transmitted  wave 
traveling  through  the  chiral  medium  is  not  only  rotated  but  becomes  elliptically 
polarized  due  to  the  existence  of  the  chirality  parameter  [8, 10].  This  results  from 
the  different  phase  velocities  and  different  absorption  for  the  left-  and 
right-cireularly  polarized  waves.  The  reflected  wave,  however,  is  linearly  polarized 
for  a  normally  incident,  linearly  polarized  wave.  Hence,  one  retlection  and  two 
transmission  measurements  are  needed  to  fully  characterize  the  chiral  composite 
[10]. 

The  planar  chiral  composites  characterized  in  this  study  were  constructed  by 
embedding  chiral  inclusions  (helices)  into  an  otherwise  achiral  host  medium 
(Eccogel).  Samples  made  in  this  research  have  the  dimensions  15  cm  x  15  cm  x 
1.2  cm.  For  detailed  information  on  how  the  samples  are  made,  refer  to  Guire  et 
al.  [9].  A  free-space  measurement  setup  was  employed  to  measured  the  reflection 
and  transmission  characteristics  of  the  chiral  composites.  The  calibration  technique 
and  time  domain  gating  for  enhancing  measurement  accuracy,  as  well  as  the 
measurement  procedure  for  the  free-space  measurement  system  are  referred  to 
Ghodgaonkar  et  al.  [13]. 

ABSORPnON  BANDS  OF  CHIRAL  COMPOSITES 

The  time-averaged  Poynting  vector  denoted  by  <P>  represents  the  amount  of 
power  crossing  a  unit  area  in  the  direction  perpendicular  to  both  E  and  H  fields 
andisdefmedby 

<P>  =  iRe(ExH*)  (1) 
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where  Re  means  th**  'real  part  of  and  the  asterisk  denotes  the  complex  conjugate. 
The  electromagneUi:  fields  (E  and  H)  in  free-space  can  be  expressed  in  terms  of 
LQ*  (left-circidarly  polariz^)  and  RCP  (right-circularly  polarized)  waves  Ql  and 
Or  as 


E*Ql  +  Qr  (2a) 

...  h»:5^(-Ql  +  Qr)  (2b) 

Substituting  Eqs.  (2a)  and  (2b)  into  Eq.  (1),  one  can  obtain 

and 

where  C  is  the  magnitude  o^  the  incident  field  Ej^g  and  ilo  is  the  free-space 
impedance.  Sl  ^d  Sr  are  either  the  reflection  or  transmission  coefficients  for  the 
LQ*  and  RCP  waves,  respectively.  The  reflection  and  transmission  characteristics 
for  the  normally  incident,  circularly  polarized  waves  can  be  obtained  from  the 
measured  reflection  and  transmission  characteristics  for  a  normally  incident, 


linearly  polarized  wave  as 

®UL~  ^UR"  ^llco 

(4a) 

^2tL“  ^2100  *’^210011 

(4b) 

®2lR“^21eo'^’^21e>n« 

(4c) 

and 

.  S2,„-S2,„COSO 

2!croii  sin  (X 

(4d) 

where  Sngo  is  the  measured  reflection  coefficient  and  S^jgo  and  S210  are  the 
measured  transmission  coefficients  at  co-polarization  position  and  angle  a  from 
co-polarizadon  position,  respectively  [10]. 

The  power  reflection  ratio  R  =  Pref/Pinc  and  power  transmission  ratio  T  = 
Ptrt^inc  fben  can  be  calculated  by 


r»-^4{s 

*ioc 


UL^UL'^^nR^nR^  =  ^Uco^lleo 


(5a) 
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and 


^  “  p^~  2  ^21R^2IR^  '  ®21co^21eo  ■*■  ^21eto«t^21croM 


Computations  of  the  power  absorption  coefficient  of  the  chiral  composite 


P  -P  -P 

A  =  j2Lyrf_J!L=  i.R.T 

^ioc 


(6) 


can  dieiefore  be  made. 

The  chiral  inclusions  used  for  determination  of  the  properties  have  the 
dimensions  diameter  D  =  0.1 1684  cm,  pitch  P  =  0.0S29  cm  and  one  turn  length  L 
*  0.371  cm.  From  the  reflection  and  transmission  measurements  Si]„,  %!«,» and 
S2iai  tftc  electromagnetic  properties  of  chiral  composites  e,  p,  and  p  can  be 
calculated  [10].  The  wavenumbers  for  the  LCP  and  RCP  waves,  and  kg,  as 
well  as  the  wavelengths  for  the  LCP  and  RCP  waves,  and  Xr,  can  then  be 
obtained  from  these  properties  [8,10].  The  ratios  of  the  one  turn  length  of  the 
chiral  inclusion  to  the  waveleng^s  in  the  chiral  medium,  LAi^  and  L/Xr,  at  each 
frequency  for  each  sample  then  can  be  calculated.  Table  1  shows  peak  values  of 
power  absorption  coefficients.  A,  and  the  corresponding  frequencies  as  well  the 
corresponding  ratios,  L/X^  and  L/Xr,  for  the  chiral  composites. 

Table  1.  Peak  values  of  power  absorption  coefficients,  A,  and  the  corresponding 
frequencies  as  well  as  the  corresponding  ratios,  L/Xl  and  L/Xr,  of  power 
absorption  coefficients  for  the  chiral  composites. 


Sample 

Peak  value 

Frequency 

(GHz) 

IAl 

IVXr 

0.8«  left 

0.7626 

28.86 

0.396 

0.610 

0.8%  right 

0.7135 

28.19 

C.3933 

0.378 

0.8%  racemic 

0.7833 

28.19 

0.389 

0.389 

1.6%  left 

0.8316 

26.84 

0.336 

0.388 

1.6%  right 

0.9263 

26.30 

0.363 

0.362 

1.6%  racemic 

0.8491 

27.31 

0.383 

0.383 

3.2%  left 

0.9281 

28.19 

0.609 

0.672 

3.2%  right 

0.9881 

31.23 

0.742 

0.693 

3.2%  racemic 

0.9637 

30.33 

0.693 

0.693 
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It  can  be  seen  in  Table  1  that  the  peak  frequencies  for  the  same  volume 
concentration  samples  are  very  close.  For  the  0.8%  samples,  the  averaged  peak 
frequency  is  28.41  ±  0.446  GHz.  While  for  the  1.6%  and  3.2%  samples,  the 
averaged  peak  frequencies  are  26.95  ±  0.56  GHz  and  29.99  ±  1.24  GHz, 
respectively.  The  peak  values  of  the  power  absorption  coefficients  are  also  very 
close  for  die  same  volume  concentration  samples,  but  vary  as  the  volume 
concentrations  change.  The  values  are  0.7538  ±  0.0403,  0.876  ±  0.0503,  and 
0.9606  ±  0.0325  for  the  0.8%,  1.6%,  and  3.2%  samples,  respectively. 

It  also  can  be  seen  that  the  ratios  LAl  and  L/Xr  are  different  for  handed  (left-  or 
right-)  samples  but  are  the  same  for  the  racemic  samples.  This  is  because  LCP 
waves  travel  faster  than  RCP  waves  inside  the  left-handed  medium,  and  vice 
versa,  while  both  LCP  and  RCP  propagate  with  the  same  speed  inside  the  racemic 
samples  [8].  Since  the  duference  between  L/X^  and  L/Xg  is  less  than  5%  for  every 
sample,  one  can  use  the  average  value  of  L/X^  and  L/Xr  as  the  ratio  Uk^  with  an 
error  of  less  than  3%.  The  ratio  L/X^  varies  as  the  volume  concentration  changes. 
The  values  are  0.5926  ±  0.01,  0.5735  ±  0.01 15,  and  0.6837  ±  0.04  for  the  0.8%, 
1.6%,  and  3.2%  samples,  respectively. 

Table  2.  95%  and  90%  power  absorption  bandwidths. 


Sample 

95%  peak  value 
bandwidth  (GHz) 

90%  peak  value 
bandwidth  (GHz) 

Frequency 
(GHz) ' 

0.8%  left 

26.50  -  31.56 
5.06 

25.23  ~  32.58 

7.35 

28.86 

0.8%  right 

25.01  -  30.55 
5.54 

24.59  -  31.56 
6.97 

28.19 

0.8%  racemic 

25.65  -  29.54 

3.89 

23.31  -  30.55 
7.24 

28.19 

1.6%  left 

22.46  -  31.23 
8.77 

21.82  -  32.24 
10.42 

26.84 

1.6%  right 

25.01  -  29.88 

4.87 

22.04  -  32.24 

10.20 

26.50 

1.6%  racemic 

25.23  -  31.23 
6.0 

22.25  -  32.58 
10.33 

27.51 

3.2%  left 

26.29  -  32.91 
6.62 

25.01  -  35.61 
10.60 

28.19 

3.2%  right 

26.29  -  37.30 
11.01 

25.23  - 

31.23 

3.2%  racemic 

26.50  -  36.96 
10.46 

25.23  - 

30.55 
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Based  upon  the  data  shown  in  Table  1,  the  average  value  and  standard  deviation 
of  the  ratio  L/ac  ^  0.6038  and  0.051,  while  for  the  peak  frequency  they  are  28.45 
and  1.4828  GI&.  The  variances  c'  die  peak  frequency  and  the  ratio  L/X^  among 
the  same  volume  concentration  chiral  samples  may  be  due  to  sample  variations  and 
post-calibration  errors.  Thus  =  0.6038  can  be  used  as  a  design  criterion  to 
obtain  an  absorption  peak  at  a  desi^  operating  frequency. 

It  is  also  interesting  to  study  the  bandwidths  of  the  power  absorption 
coefficients.  Table  2  shows  the  95%  and  90%  peak  values  power  absorption 
bandwidths  for  the  chiral  samples.  The  average  bandwidths  ot  95%  and  90% 
power  absorption  coefficients  are  6.92  and  10.29  GHz,  respectively.  The  smallest 
bandwidths  for  the  95%  and  90%  power  absorption  are  3.89  and  6.97  GHz, 
respectively.  The  corresponding  changes  for  the  ratios  Uk^  are  0.08  and  0.143, 
respectively.  From  this  data,  one  can  clearly  see  that  the  average  values  of  the  peak 
frequency  28.45  GHz  and  the  ratio  Ukc  0.6038  are  within  the  95%  power 
absorption  bandwidths  region  for  each  chir^  sample.  Hence,  for  this  specid  kind 
of  helix  embedded  into  an  epoxy  host  medium  (Eccogel),  it  is  appropriate  to  use 
the  average  values  of  die  peak  frequencies  and  the  ratio  L/X^  of  these  nine  chiral 
composites  to  represent  the  characterisdc  peak  frequency  28.45  GHz  and  the  ratio 
ratio  LA^  0.6038. 

PARAMETRIC  EFFECTS  OF  CHIRAL  COMPOSITES 

In  addition  to  the  one  kind  of  helix  as  discussed  above,  three  different 
geometrical  dimensions  of  helices  have  been  selected  to  examine  the  parametric 
effects  of  chiral  inclusions.  Four  additional  3.2%  left-handed  samples  have  been 
made.  One  of  them  contains  all  four  different  geometrical  sizes  of  chiral  inclusions, 
which  have  been  mixed  well.  The  other  three  samples  have  only  one  kind  of  helix. 
Detailed  description  of  the  sanplis  and  the  dimensions  of  helices  are  shown  in 
Table  3. 

The  reflection  and  transmission  characteristics  for  tliese  samples  may  be 
measured  in  the  frequency  range  8-40  GHz  by  employing  the  free-space 
measurement  system.  The  transmission  coefficients  of  some  samples,  especially 
for  samples  C,  D,  and  E,  are  less  than  -  40  dB  at  certain  frequencies.  This  is  very 
close  to  the  dynamic  range  of  the  free-space  measurement  system,  hence,  it  is 
improper  to  use  these  values  to  determine  ^e  properties  of  samples. 

However,  the  power  absorption  of  samples  can  also  be  seen  from  the  reflection 
coefficients  with  metal  backing.  Fig.  1  shows  the  measured  reflection  coefficients 
with  metal  backing  for  each  sample.  It  can  be  seen  tliat  the  reflection  coefficient  for 
sample  D  has  the  largest  value  over  the  whole  frequency  range,  probably  due  to  the 
big  impedance  mismatch  caused  by  variations  of  sample  preparations.  The 
reflection  coefficient  of  sample  E  has  not  only  the  smallest  value  in  the  frequency 
range  of  12-37  GHz  but  also  the  widest  power  absorption  bandwidth.  Since  each 
kind  of  helix  may  have  its  power  absorption  peak  frequency  and  bandwidth 
separately,  e.g.,  28.45  GHz  peak  frequency  and  6.92  GHz  95%  power  absorption 
bandwidth  for  sample  A,  then  combinations  of  different  kinds  of  helices  may  cause 
the  power  absorption  bandwidth  to  increase.  The  increase  in  the  power  absorption 
for  sample  E  may  be  due  to  the  impedance  match  for  the  free-space  or  the 
interaction  between  each  different  kind  of  helix.  However,  no  conclusion  should 
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Refiecticm  coefficient  (dB) 


be  made  until  mote  is  known  about  the  effects  of  the  dimensions  of  the  helix  and 
the  host  material. 


Table  3.  Description  of  the  samples  and  the  dimensions  of  helices. 


Name 

Dimensions  of  the  helix  ^  ^ 

(cm) 

DiameterD 

Pitch  P 

One  turn 
length  L 

No.  of  turns 

Sample  A 

0.11684 

0.0529 

0.371 

3 

Sample  B 

0.11684 

0.0794 

0.3755 

3 

Sample  C 

0.18288 

0.0529 

0.577 

3 

Sample  D 

0.11176 

0.254 

0.433 

3 

Sample  E 

Mixed 

0 


Frequency  (GHz) 

Fig.  1.  The  reflection  coefficient  with  metal  backing  for  each  sample. 
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CONCLUSION 


The  power  absorption  bandwidths  and  the  corresponding  ratios  Uk^  of  the  one 
turn  length  of  the  chiral  inclusion  to  the  wavelength  in  chiral  media  have  been 
examin^  We  have  discovered  that  it  is  appropriate  to  use  the  averaged  power 
absorption  peak  frequency  and  the  corresponding  ratio  of  different  handed 
and  different  volume  concentrations  chiral  samples  to  represent  the  characteristic 
peak  frequency  and  the  corresponding  ratio  L/X^  of  each  chiral  sample.  Also,  both 
the  power  absorption  peak  value  and  its  bandwidth  increase  for  the  mixed  sample 
compared  with  the  samples  which  consist  of  only  one  kind  of  chiral  inclusion. 
Thus  the  bandwidth  of  the  absorption  peak  can  be  increased  by  considering 
inclusions  with  appropriate  lAg  v^ues  at  the  frequencies  in  the  band  of  interest. 
Such  absorbers  can  then  be  used  as  the  interlayer  or  heating  catalyst  in  the  joining 
and  processing  respectively  of  ceramics. 
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The  electrical  impedance  of  cross-ply  carbon-fiber  composites  at  2.45  GHz  is  about  0.6 
Q.  Since  the  impedance  of  free  space  is  377  0, 99.3%  of  the  microwave  energy  incident 
on  the  composite  is  reflected  and  little  heating  occrirs.  Our  applicator,  which 
overcomes  Ais  problem,  rapidly  and  efficiently  heats  thermoplastic-impregnated 
carbon  fibers  to  fabricate  well-consolidated  composite  structures.  This  applicator  is 
suited  to  an  automated  fiber-placement  manufacturing  process  in  which  composite 
strucfAires  are  built  up  one  layer  at  a  time. 

INTRODUCTION 

Usually,  carbon-fiber^lymeric  composite  parts  have  been  assembled  manually 
and  cured  using  autoclave  techniques.  To  reduce  labor  costs  and  to  enable  the 
manufacture  of  composite  parts  larger  than  available  autoclaves,  an  automated  fiber- 
placement  process  is  being  developed.  In  this  process  composite  parts  are  fabricated 
one  layer  at  a  time  from  polymer-impregnated  carbon  fibers  in  tapes  of  various  widths. 
As  the  fibers  come  into  contact  with  the  part,  heat  and  pressure  are  applied  to 
consolidate  the  fibers  with  the  part,  as  shown  in  Fig.  1. 

To  achieve  low  cost  the  filler-placement  process  must  be  rapid,  requiring  rapid 
heating  of  the  polymer-impregnated  fibers  and  the  surface  to  which  it  will  be 
consolidated.  Microwaves  have  been  investigated  for  rapid  heating  and  curing  of 
polymeric  composite  materials  in  numerous  studies  over  the  past  decade.*"^  Successful 
results  were  obtained  if  the  reinforcing  fibers  were  not  electrically  conducting,  such  as 
glass  and  Kevlar.  However,  if  the  fibers  were  electrically  conducting,  such  as  carbon, 
it  was  difficult  to  couple  microwave  power  into  the  composite  efficiently  and  reliably.*"* 
In  addition,  previous  microwave  ovens  and  cavitits  were  not  suitable  for  fiber- 
placement  processing  of  large  parts  becau.se  they  needed  to  surround  the  carbon-fiber 
composite  part.  Therefore,  we  have  invented'  and  are  patenting  a  novel  microwave 
applicator  for  heating  carbon-fiber  composites  external  to  the  applicator.  Microwave 
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Figure  1.  Schematic  of  fiber-placement  procesa  in  which  large  composite  parts  are 
fabricated  one  layer  at  a  time.  Microwaves  are  shown  here  as  a  heating  sotirce. 


heating  is  confined  to  a  distance  of  the  order  of  the  thickness  of  one  ply  at  the  surface 
of  the  carbon-fiber  composite.  This  is  ideal  for  the  tape-placement  process  because  the 
consolidation  region  can  be  adequately  heated  without  unnecessarily  heating  the 
composite  previously  consolidated. 

INTERACTION  OF  MICROWAVES  WITH  CARBON-FIBER  COMPOSITES 

The  electrical  conductivity  along  the  length  of  continuous  carbon  fibers  is  large, 
but  the  electrical  conductivity  perpendicular  to  their  length  is  smaller  because  of  the 
many  poor  electrical  contacts  between  adjacent  fibers.  Thus,  the  electrical  conductivity 
of  a  carbon-fiber  composite  depends  upon  its  construction  and  the  direction  in  which 
the  conductivity  is  measured. 

Measurements  of  the  effective  electrical  conductivities  have  been  made  at 
firequencies  between  45  and  300  MHz  for  well-consolidated  carbon-fiber  composites  in 
which  the  fiber  orientation  alternates  between  0’  and  90’  in  adjacent  plies.*  The 
effective  electrical  conductivity  in  a  direction  parallel  to  the  plies,  o,,  is  about  25,000 
S/m.  A  simple  approximation*  can  be  used  to  calculate  o,  from  the  conductivity  of  the 
fibers  and  their  orientation  in  the  composite.  The  effective  electrical  conductivity 
perpendicular  to  the  plies,  Oj^  is  about  100  S/m.*  A  simple  approximation  cannot  be 
used  to  calculate  because  it  is  very  dependent  upon  the  degree  of  consolidation. 
Before  consolidation  0^  can  be  as  small  as  3  S/m.* 


540 


Microwaves 


An  effective  electrical  conductivity  is  used  in  inhomogeneous  materials  which 
requires  that  the  amplitude  and  phase  of  the  electromagnetic  fields  do  not  change 
significantly  within  the  scale  of  the  inhomogeneity.  In  the  case  of  carbon-fiber 
composites  the  scale  of  the  inhomogeneity  depends  upon  the  polarization  and  the 
direction  of  propagation  of  the  microwaves.  For  propagation  normal  to  the  plies,  the 
scale  of  the  inhomogeneity  is  equal  to  the  repeat  distance  of  the  ply  orientation 
stacking  sequence.  Since  the  thickness  of  a  sin^e  ply  is  about  equal  to  0.13  mm,  the 
scale  of  inhomogeneity  is  about  0.26  mm  in  a  composite  having  a  repeating  O’,  90’ 
stacking  sequence.  As  will  be  seen,  this  approximation  is  not  always  rigorous  at  2450 
MHz,  a  common  microwave  heating  frequency,  but  it  is  useful  for  estimates. 

When  microwaves  are  incident  normal  to  the  surface  of  a  multi-layer  carbon-fiber 
composite,  the  electric  field  is  parallel  to  the  plies  and  the  electric  field  interacts  with 
a  material  whose  conductivity  is  o,.  When  the  microwaves  are  incident  normal  to  an 
exposed  edge  of  a  multi-layer  carbon-fiber  composite,  the  electric  field  can  be  chosen 
to  be  parallel,  perpendicular  or  intermediate  to  the  plies.  Thus,  depending  upon  the 
relative  orientation,  the  electric  field  interacts  with  a  material  whose  conductivity  lies 
between  and  o,. 

The  fraction  of  the  power  that  is  absorbed  when  microwaves  are  incident  upon  the 
surface  of  a  conductor  is  given  by* 


P/P,  =  l-KZ-ZoVCZ  +  Z,)]*, 


(1) 


where  P  is  the  absorbed  power  density  (w/m*),  P#  is  the  incident  power  density,  Zp  is 
the  impedance  of  free  space  (377  O)  and  Z  is  the  impedance  of  the  conductor.  The 
impedance  Z  of  the  conductor  is  given  by* 


Z  =  (xfp/or, 


(2) 


where  f  is  the  microwave  frequency  (Hz)  and  p  is  the  permeability  of  the  composite, 
usually  equal  to  that  of  free  space,  vi®  =  4n  x  10  ’  H/m. 

The  microwaves  that  are  absorbed  at  the  surface  propagate  into  a  good  electrical 
conductor  normal  to  the  surface  and  the  power  density  decays  exponentially  with 
increasing  distance,  d,  as* 


P(d)  =  [H.  exp(-d^))*  Z, 


(3) 


where  H,  is  the  magnetic  intensity  (A/m)  at  the  surface  (d=0)  and  5  is  the  skin  depth. 
The  skin  depth,  6,  is  given  by* 


5  =  (l/Tifpo)**. 


(4) 
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Table  1  presents  nosserical  values  of  the  quantities  given  in  Equations  (l)-(4)  for 
2450  MHz  microwaves  entering  the  face  and  edge  of  a  carbon-fiber  composite  having 
a  O’,  90’  stacking  sequence.  The  wide  range  of  composite  properties  shown  in  Table 
1,  depending  upon  the  microwave  propagation  direction  and  the  degree  of 
consolidation,  explains  why  previous  investi^tors  experienced  different  and  unreliable 

Table  1.  Properties  of  0’,90’  Carbon-Fiber  Composite  at  2450  MHz. 


results.  Before  consolidation,  for  propagation  into  the  edges  of  the  a  composite, 
heating  occurs  to  a  depth  of  about  6  mm.  However,  as  the  composite  becomes 
consolidated,  the  microwave  heating  occurs  only  to  depth  of  about  1  mm. 

For  microwaves  entering  the  composite  through  the  face  of  the  plies,  as  shown  in 
Fig.  1,  the  skin  depth  is  only  0.064  mm.  This  skin  depth  is  less  ^an  the  0.26  mm 
repeat  distance  of  the  ply  stacking  sequence,  so  our  andysis,  which  uses  an  effective 
electrical  conductivity,  is  not  strictly  valid.  These  results,  nevertheless,  indicate  that 
the  microwave  heating  is  confined  to  a  distance  of  the  order  of  the  thickness  of  one  ply 
at  the  surface  of  the  composite.  This  is  ideal  for  the  tape-placement  process  because 
the  consolidation  region  can  be  adequately  heated  without  unnecessarily  heating  the 
composite  previously  consolidated. 

Table  1  shows  that  when  microwaves  are  incident  into  the  face  of  the  composite, 
as  shown  in  Fig.  1,  the  fractional  absorbed  power  is  only  0.007;  hence,  99.3%  is 
reflected.  Our  microwave  applicator  repeatedly  redirects  this  reflected  power  back  to 
the  composite  siuface  to  increase  the  absorbed  power. 

Heating  power  densities  up  to  1000  w/cm*  may  be  needed  for  fiber-placement 
speeds  of  50  cm/s.  Such  large  power  densities  produce  surface  currents  of  40  A/cm, 
which  would  normally  require  good  electrical  contact  between  the  microwave  heater 
and  the  surface  of  the  composite  to  prevent  arcing.  Our  microwave  applicator 
suppresses  this  possibility  for  arcing. 
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OPEN-ENDED  TE,„  MODE  MICROWAVE  CAVITY 


Our  microwave  applicator  ia  an  open-ended  resonant  cavity  based  on  the  TE,, 
circular  waveguide  m^e.  In  this  mode  the  electric  field  is  maximum  along  a  circular 
path  whose  diameter  is  about  one-half  the  diameter  of  the  circular  waveguide.  Hence, 


Current,! 


Figure  2.  Schematic  of  open-ended  circular  TE,,,  mode  cavity.  The  carbon-fiber 
composite  serves  as  a  cavity  end  wall  which  is  heated  by  the  surface  currents. 


a  TEq,]  mode  cavity  with  an  open  end  placed  against  a  carbon-fiber  composite  material 
induces  large  surface  currents  which  flow  in  circles  confined  to  the  composite,  as 
shown  in  Fig.  2.  Because  the  currents  need  not  flow  between  the  cavity  and  the 
composite,  the  heating  is  not  limited  by  the  normally  high  contact  resistance  between 
the  cavity  and  the  composite.  Thus,  the  problem  of  poor  electrical  contact  and  arcing 
between  the  microwave  heater  and  the  surface  of  the  composite  is  eliminated. 

The  design  criteria  and  the  electric  and  magnetic  fields  of  the  TEqh  mode  cavity 
are  well  known.*  The  length,  I,  of  the  cavity  at  resonance  satisfies  the  following 
equation. 


I  «  V2  [e  -  (3.8317  X/2jia)*]  **, 


(5) 


where  e  is  the  dielectric  constant  of  the  interior  of  the  cavity  (£=1  for  air),  X  is  the 
free-space  wavelength  of  the  microwaves,  and  a  is  the  inside  radius  of  the  cavity. 

The  magnetic  fields  at  the  circular  end  walls  ere  parallel  to  the  end  walls  and 
radially  directed.  For  a  cylinder  of  radius  a,  the  radially  directed  magnetic  field  on  the 
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surface  of  an  end  wall  at  a  distance  r  from  its  center  is  proportional  to  the  derivative 
of  the  zeroth  order  Bessel  function.  These  magnetic  fields  induced  surface  currents 
which  flow  in  concentric  circles,  producing  a  radial  power  density  profile  given  by 


P(r)  *  P,  [J,'(3.8317r/ayJo(3.8317)]*/Jta* 

=  1.96  P.  tJ,(3.8317r/a)]*/a*,  (6) 


where  P^  is  the  total  power  delivered  to  the  surface  by  the  cavity.  Fig.  3  shows  a 
contour  plot  of  the  radial  power  density  on  the  surface  of  a  composite  produced  by  a 
stationary  cavity.  No  heating  occurs  in  the  center  or  perimeter  of  the  cavity;  heating 
is  primarily  in  an  annular  region.  In  the  fiber-placement  process  the  cavity  moves 
relative  to  the  composite  and  the  path  along  which  the  cavity  moves  is  heat^.  The 
time-average  heating  contour  on  the  path  of  the  cavity  as  it  moves  relative  to  the 
composite  is  also  shown  in  Fig.  3.  The  heating  contour  for  the  moving  cavity  shows 
that  the  heating  at  the  center  is  about  80%  of  that  near  the  edges,  desirable  for 
offsetting  the  conductive  heat  losses  away  from  the  edges. 


Sutionar;  cavity  Moving  cavity 

Figure  3.  Power  deposition  contours  for  stationary  and  moving  circular  TE,|,  mode 
cavity. 
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The  TEgi,  mode  cavity  can  be  moved  away  from  the  surtace  of  the  composite 
,  without  adversely  affecting  its  heating  profile  or  efficien<7,  nlthou^  its  operating 
fi^uency  changes  predictably  according  to  Equation  (5).  The  efficiency,  q,  of  the  TEq,, 
mode  cavity  heater  can  be  estimated  by  comparing  the  measured  or  calculated'”  Q’s 
of  the  cavity  when  placed  on  the  composite,  and  when  pis  %d  on  a  low-loss  metal 
surface,  Q..  The  Q  is  the  power  stored  in  the  cavity  divided  by  the  power  lost  per 
cycle.  Thus,  the  redprocal  of  the  Q  is  proportional  to  the  totai  .oss  which  is  the  sum 
of  the  losses  of  the  parts  of  the  cavity,  e.g.,  top,  sides  and  bottoiri.  Assuming  the  loss 
in  the  metal  bottom  is  small  compared  to  the  loss  in  the  composite  part,  the  efficiency 
is  given  by 


H  -  1  -  (VQ..  (7) 


EXPERIMENTAL  RESULTS  AND  CONCLUSIONS 

A  cavity  17.8  cm  in  diameter  and  about  11  cm  long  was  constri'cted  from  copper 
sheet  metal.  The  axial  position  of  the  top  end  plate  could  be  chi:.  .iged  to  tune  the 
cavity  to  resonance.  Microwave  power  was  fed  into  the  cavity  via  a  ^^iveguide  into  the 
side  of  the  cavity  through  an  aperture  whose  size  was  chosen  to  n.  .^tch  the  cavity  to 
the  wavegpiide.  A  capacitive  screw  in  the  waveguide  next  to  the  aperture  was  used  to 
fine-tune  the  aperture  for  different  composite  materials.  During  use  on  a  particular 
type  of  composite  material  the  matching  screw  required  no  adjustment,  but  the  end 
plate  required  adjustment  to  maintain  resonance  if  the  distance  betv  een  the  cavity 
and  the  composite  changed. 

The  measured  unloaded  Q.  of  the  cavity  with  an  aluminum  metal  bottom  was 
10,400  and  the  measiu-ed  unloaded  Q.  of  the  cavity  with  a  cross-ply  carbon-fiber 
composite  bottom  was  4,500.  Using  these  Q’s  in  Equation  (7)  the  efficiency  of  our 
cavity  was  calculated  to  be  57%.  Theoretical  calculations'”  for  a  copper  (a  =  5.7  x  10' 
S/m)  cavity  show  that  Q^  should  be  56,900  and  Q,  should  be  5,100,  leading  to  an 
expected  efficiency  of  91%.  Thus,  we  anticipate  that  the  efficiency  jf  our  cavity  could 
be  improved  by  taking  greater  care  in  its  construction. 

Actual  measurements  show  that  Q,  does  not  decrease  measurably  when  the  cavity 
is  moved  1  cm  away  from  the  composite  surface  or  if  the  composite  surface  has  a  30 
cm  concave  or  convex  radius  of  curvature.  This  indicates  that  the  microwaves  do  not 
leak  from  the  gap  between  the  cavity  and  the  surface  being  heated,  assuring  personnel 
safety  and  efficient  operation  even  when  the  heater  is  used  to  manufacture  parts 
having  complex  curved  surfaces. 

A  high-power  heating  experiment  in  which  a  single  ply  of  carbon-fiber/PEEK 
prepreg  was  bonded  to  the  surface  of  a  carbon-fiber  cross-ply  laminate  confirmed  that 
the  efficiency  of  the  TE^,,  mode  cavity  applicator  is  greater  than  50%.  The  power 
reflection  during  heating  remained  minimal  and  no  arcing  occurred  between  the  cavity 
and  the  cross-ply  laminate.  The  heating  pattern  was  annular,  with  inside  diameter 
of  6.4  cm  and  an  outside  diameter  of  11.4  cm,  as  in  Fig.  2. 

The  microwave  applicator  has  been  used  in  a  stationary  mode  to  fabricate  carbon- 
fiber/PEEK  15-ply  laminates  about  18  cm  in  diameter.  During  the  fabrication  of  these 
laminates  they  were  vacuum  bagged  to  provide  a  consolidation  pressure  of  about  0. 1 
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MPa.  In  these  experiments  low-power  (>1  kW)  microwave  heating  was  used  to 
prevent  burning  the  surface  during  the  five  minutes  required  for  the  heat  to  diffuse 
through  the  IS  plies.  The  interlaminar  shear  strength  of  these  laminates  was  100 
MPa  (14.5  ksi),  almost  equal  to  the  103  MPa  obtained  using  an  autoclave.  The  results 
of  these  tests  indicate  very  good  consolidation.  In  fact,  higher  consolidation  pressures 
exceeding  0.3  MPa  and  longer  consolidation  times  at  399*  C  (750*  F)  are  usually 
required  in  press  or  autoclave  processing  to  achieve  these  good  results. 

These  results  strongly  encourage  the  application  of  the  TE,„  mode  microwave 
cavity  as  a  heating  source  for  fiber-placement.  Microwave  heating  could  be  used  as 
the  primary  energy  source  or  as  a  supplementary  source.  Since  power  can  be  applied 
in  pulses  or  continuously  as  desired,  this  type  of  heating  lends  itself  to  real-time 
control. 
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ABSTRACT 

Temperature  profiles  of  a  carbon  fiber  epoxy  composite  disk  heated 
in  a  single  mode/controlled  multimode  cylindrical  resonant  cavity 
with  2.45  GHz  microwave  energy  indicate  that  microwave  energy  is 
limited  in  its  penetration  into  the  disk,  from  the  top  and  the 
perimeter  (a  skin  affect).  Initial  heating  profiles  allow  an 
approximate  determination  of  the  penetration  depth.  In  the  steady 
state,  the  temperature  gradients  indicate  that  the  heat  flow  was 
primarily  by  thermal  conduction  from  the  perimeter  of  the  disk, 
toward  the  canter  and  out  the  upper  and  lower  surfaces. 

INTRODUCTION 

Microwave  radiation  -is  among  the  alternative  ways  of  processing 
composite  materials.  Microwave  processing  requires  an  understanding 
of  the  interaction  of  radiation  and  materials.  As  an  example, 
heating  of  nylon  and  wet  wood  rods  and  silicon  wafers  in  a  resonant 
cavity  has  been  investigated  by  Asmusscn  et.  al.  [1],  and  glass-  and 
graphite- fiber  epoxy  composites  in  a  rectangular  waveguide  have  been 
examined  by  Li  and  Springer  ( 2 ) . 

Four  significant  advantages  of  microwave  materials  processing  are 
worth  noting.  One  is  in  the  area  of  process  control i  the  tempera¬ 
ture  excursion  of  an  exothermic  reaction  of  an  uncured  material  can 
be  reduced  or  eliminated  by  appropriate  power  control.  Secondly 
energy  consumption  is  reduced  since  most  of  the  input  energy  is 
coupled  directly  into  the  sample,  and  not  used  to  heat  the  air  in 
the  oven  (resulting  also  in  a  lower  oven  temperature).  A  third 
advantage  is  the  ability  to  monitor  the  cure  of  the  composite  sample 
by  on-line  measurement  of  the  dielectric  constant,  as  determined  by 
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cavity  paranater  neaaucamanta  (owept  frequency,  power  coupling  or 
field  measurefflenta  at  the  wall  of  the  applicator).  Fourth,  smaller 
ovens  of  different  geometries  can  be  used,  possibly  reducing  capital 
outlay. 

The  experiments  described  here  employed  a  cured  thlck-sectlon 
graphite- fiber  epoxy  composite  In  a  tunable  single  mode  or  con¬ 
trol  led-mu  It  Imode  cylindrical  cavity  applicator,  excited  at  2.45 
GHz.  Temperatures,  were  monitored  with  optical  fiber  temperature 
probes  positioned  at  various  depths  near  the  vertical  axis  of  the 
dls)c,  and  at  various  radii  In  the  midplane  of  the  disk. 

EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

The  experimental  circuit  Is  shown  In  Figure  1.  The  energy  source  Is 
a  variable  (0-100  H)  microwave  power  source  (Model  MPG  4M  from 
Opthos  Instruments,  Rockville,  MO).  Incident  power  la  measured  by 
the  first  directional  coupler,  attenuator,  and  power  meter.  The 


Figure  1.  Schematic  of  the  microwave  processing  system. 
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anergy  paaaea  through  the  circulator  to  the  applicator,  which  ia  a 
7-inch  diameter  cylindrical  resonator  with  one  movable  end  plate 
(aliding  abort)  and  variable  length  input  probe.  Reflected  power  is 
directed  by  the  circulator  to  the  second  directional  coupler,  where 
it  ia  measured  by  the  power  meter  and  dissipated  in  the  matched 
load. 

An  optical  fiber  temperature  measurement  syst  .  .el  750  from 
Luxtron,  Mountain  View,  CA)  was  used  with  four  _  obes.  Three 
measurements  were  taken  for  each  reading,  with  an  update  interval  of 
15  seconds  during  initial  heating.  The  probes  were  located  for 
radial  temperature  profiles  as  indicated  in  Figure  2.  For  the  axial 
profiles,  all  four  were  in  the  center  (at  1)  at  the  surface,  1/4, 
1/2  and  3/4  of  the  thickness  of  the  disk  (Figure  4a  inset). 

A  half-inch  styrofoam  support  was  used  to  elevate  the  disk  above  the 
bottom  of  the  cavity  (Figure  2)  to  couple  energy  more  uniformly  into 
the  disk.  Thv  composite  was  previously  convection  cured  in  an  oven, 
thus  eliminating  exothermic  heating  that  would  be  present  in 
reacting  epoxy,  and  isolating  the  microwave  heating  pattern  and 
material  heat  conduction  phenomena. 


(•)  (b) 


Figure  2.  (a)  Cross-section  of  the  cavity  applicator,  showing 
the  supported  process  material  and  location  of  temperature 
probes,  (b)  Configuration  of  microwave  input  probe  and  compos¬ 
ite  disk  of  6.4  cm  radius  and  2.5  cm  thickness.  The  probes  are 
about  2  cm  apart,  in  the  midplane  of  the  disk. 


RESULTS 

The  composite  disk  was  heated  at  three  different  power  levels— 18,  35 
and  70  watts.  Several  modes  were  examined.  The  mode  which  resulted 
in  the  highest  initial  heating  rate  for  the  described  cavity-sample 


Microwaves 


549 


configuration  and  probe  locations  was  investigated  in  more  detail. 
The  electric  field  (not  included  here)  exhibited  a  dipolar  pattern, 
with  an  axial  variation  similar  to  a  half-wave  cosine.  More  field 
measurements  are  needed  to  determine  if  the  mode  is  TE,  TM  or  a 
combination,  since  the  cavity  had  a  significant  material  load.  In 
all  cases,  the  loaded  applicator  could  be  impedance  matched  by 
adjusting  the  cavity  short  length  and  input  probe  to  reduce  the 
measured  reflected  power  to  zero,  so  that  all  of  the  input  power  was 
absorbed  by  the  Ibad  and  applicator  walls.  It  is  assumed  that  the 
power  absorbed  by  the  applicator  was  negligible  compared  to  that  ab¬ 
sorbed  by  the  composite. 

Figure  3a  shows  the  radial  heating  profile  for  18  watts  of  input 
power.  The  higher  curve  corresponds  to  the  outside  probe  so  it  is 


PROBE  PROBE 
(b)  (C) 

Figure  3.  Radial  tempeiratare  profiles  for  18  W.  Figure  a 
illustrates  the  temporal  variation  (heated  for  27  minutes), 
figures  b  and  c  the  gradients  for  heating  and  cooling,  respec¬ 
tively.  The  numbers  to  the  right  of  the  plots  Indicate 
elapsed  time  in  minutes. 
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obvious  that  the  microwave  energy  is  absorbed  at  the  perimeter  of 
the  disk  as  evidenced  by  the  more  rapid  temperature  rise,  while  very 
little  microwave  energy  reaches  the  center  of  the  disk. 

Figure  3b  shows  the  gradient  of  the  radial  heating  profile.  Since 
the  heat  flow  is  in  the  direction  of  -grad(T),  one  can  see  that  it 
is  from  the  perimeter  toward  the  center.  The  addition  of  the 
cooling  curve  shown  in  Figure  3c  demonstrates  the  heat  flow  due  to 
conduction  in  the  interior  and  convection  at  the  surface,  when  the 
microwave  power  was  turned  off.  Note  that  a  high  value  of  thermal 
conductivity  is  indicated  by  the  near  uniformity  of  the  temperature 
for  probes  1,  2  and  3  after  about  14  minutes  of  cooling. 

Figures  4a,  4b  and  4c  show  the  axial  temperature  profiles  for 
heating  at  35  and  70  watts,  applied  for  90  to  100  minutes.  Note 
that  in  this  figure,  the  probes,  are  located  along  the  vertical  axis 
of  the  disk,  on  the  surface  and  at  depths  of  .6,  1.2,  and  1.8  cm. 
As  might  be  expected,  the  surface  temperature  (probe  1)  exhibited 
the  highest  rate  of  increase  for  initial  heating,  but  the  lowest 
steady  state  temperature— due  to  convection  (and  radiation)  heat 
losses.  A  cross-over  can  be  seen  from  the  gradient  plot  at  around 
8  to  10  minutes  when  the  interior  temperatures  are  about  the  same  as 
the  surface  temperature  and  then  surpass  it.  As  the  steady  state  is 
approached,  the  interior  of  the  disk  is  at  a  higher  temperature  than 
the  surface  (a  reversal  of  the  temperature  gradient). 

The  overall  heat  conduction  for  the  disk  is  illu.’’trated  by  Figure  5. 
During  initial  heating  surface  temperatures  ace  higher  than  interior 
temperatures,  so  that  heat  flow  is  inward  from  the  surfaces,  pri¬ 
marily  by  conduction,  except  for  a  surface  layer  of  electromagnetic 
heating.  Around  the  cross-over  time,  t^,  heat  continues  to  flow 
inward  from  the  perimeter  of  the  disk  toward  the  center,  but  there 
is  little  heat  flow  in  from  the  top  or  bottom  surface,  near  the 
axis.  In  the  steady  state,  t„,  the  axial  temperature  gradient  has 
reversed,  so  that  the  heat  flow  is  from  the  perimeter  toward  the 
axis,  and  from  there  toward  the  top  (and  bottom)  faces. 


ANALYSIS 

During  initial  heating,  the  temperature  difference  between  the 
material  and  the  surrounding  air  is  small,  as  is  grad  T,  and  can  be 
ignored,  yielding 

J’.e-**'  -  pc-|^  (1) 
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ri9ur«  4.  Axial  tatsperature  prof lias.  Figure  a  illustrates  the 
temporal  variation,  and  figure  b  shows  the  heating  gradient  for 
70  W.  The  numbers  to  the  right  of  the  plots  indicate  elapsed 
time  in  minutes. 
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P,  is  the  power  transmitted  into  the  sample  at  the  interface,  a  is 
the  material  electromagnetic  attenuation  coefficient,  r  is  the  depth 
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HEAT  FLOW  Q  =  -KAVT 


Figura  5.  H«at  flow  In  ths  aampl*  during  initial  heating,  t,, 
crosa-over,  t,,  and  steady  state,  t„,  based  on  the  measured 
temperature  gradients. 


of  the  point  vndar  consideration,  p  is  the  material  density,  c  is 
its  specific  heat  capacity,  and  dT/dt  is  the  rate  of  temperature 
increase  (or  decrease). 

From  equation  (2),  the  ratio  of  the  temperature  increase  for  the 
same  time  intervals  at  adjacent  positions  (along  the  radius  or  axis) 
allows  a  determination  of  the  attenuation  coefficient  (or  penetra¬ 
tion  depth)  in  that  direction: 

.  e-**''*-'*’  (3) 

ar(x,)  '  ' 
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and  tha  penatration  depth  ia  1/a. 

In  Figura  6  tha  "akin”  effect  (attenuated  propagation  of  the 
radiation  into  tha  material)  ia  apparent  from  the  curvature  of  the 
plota  connecting  probea  1,  2  and  3.  The  akin  depth  can  be  calcu¬ 
lated  from  tha  reciprocal  of  the  attenuation  conatant,  which  ia 
givan  by  aquation  (4),  in  terma  of  the  meaaured  temperature 
incramanta  at  adjacent  probe  poaitiona.  Figure  7  illuatratea  the 
calculated  penetration  of  microwave  energy  into  the  compoaite  from 
tha  axial  and  radial  directiona  baaed  on  the  calculated  attenuation 
conatant.  It  ia  important  that  the  time  of  meaaurement  be  taken  aa 
close  to  the  initiation  of  heating  aa  posaible  to  be  able  to  neglect 
tha  heat  tranafer  terms. 


•1 


Figure  (.  Initial  rata  of  temperature  rise  as  a  function  of  the 
tamparatura  probe  depth  (vertical)  for  an  axial  heating  profile. 
The  low  heating  rate  at  probe  4  (0.6  cm  from  the  bottom)  indi¬ 
cates  that  microwave  heating  from  tha  lower  face  was  less  than 
that  from  the  upper  face. 


Choosing  time  intervals  that  indicate  tha  greatest  temperature  rise 
at  tha  surface,  tha  attenuation  constant  between  the  probe  at  the 
surface  and  tha  one  below  it  ia  0.87  /cm  at  70  H  and  2.13  /cm  at  35 
H.  Tha  reciprocals  yield  penetration  depths  of  1.15  cm  and  0.47  cm, 
respectively.  The  effective  value  is  aaaumed  to  lie  between  these 
two.  Propagation  of  microwaves  into  the  sample  has  been  calculated 
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and  Illustrated  in  Figure  7,  comparing  propagation  parallel  (radial) 
and  normal  (axial)  to  the  graphite  fibers.  One  can  see  that  radial 
penetration  for  a  relative  transmitted  power  of  5  to  10  %  is  about 
3  times  longer  tnan  for  axial  penetration. 


Figure  7 .  Attenuated  transmission  of  microwave  energy  into  the 
sample  based  on  calculated  attenuation  coefficients  in  the 
radial  and  axial  directions. 


CONCLUSIONS 

Clearly  there  is  a  skin  effect  for  microwave  heating  in  a  resonant 
cavity  applicator  along  the  center  axis  of  the  disk,  and  this 
penetration  depth  is  of  the  order  of  about  1  cm  or  less,  based  on 
attenuation  values  of  1-2  /cm.  It  is  also  clear  that  the  interior 
of  the  disk  can  be  heated  by  thermal  conduction  when  the  surface  is 
heated  by  microwave  energy.  Most  of  the  heating  is  by  thermal 
conduction  from  the  perimeter  of  the  disk. 

Internal  temperature  gradients  could  be  controlled  by  heating  at  an 
appropriate  input  power  or  pulsing  the  input  power  (manually  or 
electronically)  when  monitored  points  reach  predetermined  reference 
temperatures. 

Finally,  the  depth  of  penetration  and  therefore  uniformity  of 
heating  may  be  influenced  by  judicious  selection  of  power  source 
frequency  (eg.  2450,  915  or  400  MHz)  and  appropriate  "oven"  design 
(size  and  geometry),  as  well  as  by  the  chemistry  of  a  reacting 
sample. 
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Metals  are  microwave  reflectors.  Howex'er,  it  is  possible  to  produce  heat  by  microwave 
irradiation  in  metal-insulator  powder  mixtures.  Copper-alumiiu.  and  chromium-alumina 
mixtures  have  been  exposed  to  2.45  GHz  radiation  in  a  700 W  multin  ode  cavity.  Temperatures 
ranging  from  1000°C  to  1400°C  have  been  obtained.  Heating  rates  were  found  to  be  dependent 
on  the  weight  fraction  of  metallic  filler.  Some  of  the  parameters  involved  in  the  microwave 
processing  of  metal-ceramic  con^x>sites  are  presented. 

INTRODUCTION 

Metals  are  known  to  reflect  microwaves.  For  an  electromagnetic  wave  at  normal  incidence  on 
an  ideal  conducting  surface,  there  is  total  reflection  of  the  incident  wave,  and  the  electric  Held  E 
is  zero  at  the  surface.  In  practice,  however,  no  conductor  is  perfect,  i.e.  it  has  a  finite 
conductivity  o.  This  imperfectness  of  the  conductor  leads  to  a  fraction  of  the  incident  energy 
entering  the  conductor  and  dissipating  as  heat.  Therefore,  it  is  possible  to  exploit  the  microwave 
losses  in  metals  for  the  fabrication  of  metal-based  composites  by  microwaves.  An  obvious 
method  is  the  use  of  metal  powder  particles  dispersed  in  a  ceramic  material.  The  aim  of  this 
paper  is  to  explore  some  of  the  parameters  involved  in  the  use  of  metals  for  the  microwave 
heating  of  ceramic-metal  composites  or  cermets.  Cermets  can  be  of  two  kinds,  oxide-  and 
carbide-based,  and  can  be  developed  in  a  wide  number  of  compositions  (1].  They  combine  the 
useful  properties  of  ceramic  and  metal  materials  into  one  system.  In  the  present  work,  examples 
of  microwave  heating  of  chromium-alumina  and  coppter-alumina  mixtures  are  presented. 

EXPERIMENTAL 

Microwave  processing  experiments  were  carried  out  in  a  700  Watt  1.3  cubic  feet  microwave 
oven*,  operating  at  2.45  GHz.  The  microwave  oven  was  placed  in  a  glove  box  in  which 
industrial  grade  dry  nitrogen  was  circulated.  The  oxygen  concentration  was  kept  at  25  ppm  to 
prevent  oxidation  of  the  metals  during  processing.  The  surface  temperature  of  the  samples  was 
monitored  by  a  two-color  infrared  pyrometer*  *  with  a  working  temperature  range  from  650*C  to 
I700*C.  The  powder  samples  to  be  processed  were  placed  in  alumina  crucib'es  from  Coots.  A 
3-inch  thick  microwave  transparent  ceramic  fiber  was  used  as  thermal  insulation.  The  surface 
temperature  of  the  samples  was  read  through  a  5mm^  hole  in  this  insulation.  For  the 
experiments  Involving  compacted  powders,  the  green  bodies  were  fabricated  in  a  I"  by  2”  steel 
die  under  17  000  psi  of  uniaxial  pressure.  The  alumina  powder  was  reagent  grade  -325  mesh 
from  Johnson  Matthey.  The  copper  and  chromium  powders  were  -325,  -200  and  -100  mesh  , 
99+56  purity  from  Aldrich  Chemical. 

*Model  JE1453H002,  General  Electric,  Louiville.  KY. 

**Model  M77S,  Mik^  Instruments  Inc.,  Wyckoff,  NJ. 
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Tlie  shape  of  the  paitides  was  irregular  when  observed  under  an  optical  microscope.  Mixtures 
were  prepared  in  10  weight  percent  increments  of  metallic  powder.  Typically,  a  60%  copper-40% 
alumina  mixture  had  a  porosity  of  61  %  when  loosely  packed,  and  30%  when  cold-pres^. 


RESULTS  AND  DISCUSSION 
Loosely  packed  powder  mixtures 

Alumina-chromium  and  alumina-copper  unpacked  powder  mixtures,  when  exposed  to 
microwaves,  reached  temperatures  in  excess  of  1000‘C  (Figures  1  and  2).  In  the  case  of  the 
chromium  mixtures  below  60  weight  percent  of  chromium,  no  tempe*ature  above  6S0°C  was 
recorded  after  90  minutes  of  exposure.  In  all  the  other  samples,  after  reaching  a  maximum,  the 
temperature  slowly  decreased,  Really  at  a  rate  of  1  to  2*C  per  minute. 


Figure  1.  Heating  of  copper-alumina  powder  mixtures  as  a  function  of  metal  weight  fraction. 
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Figure  2.  Heating  of  chromium-alumina  powder  mixtures  as  a  function  of  metal  weight  fraction 
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As  seen  in  Figures  1  and  2,  microwave  absorption  did  not  vary  linearly  with  weight  percent  of 
metal  additions.  Microwave  absorption  initially  increased  with  increasing  metallic  weight 
fraction,  but  then  decreased  after  reaching  a  maximum  for  mixtures  containing  80  to  90  weight 
percent  metal. 

This  effect  is  mote  clearly  seen  in  a  plot  of  the  overall  heating  rate  (time  to  reach  1000°C  from 
room  temperature)  versus  weight  fraction.  In  Figure  3,  this  heating  rate  increases  with  increasing 
weight  fraction  of  metal,  reaches  a  maximum  for  80%  and  decreases.  It  is  more  difficult  to  heat 
up  a  predominantly  metallic  powder  mixture.  Additionally,  in  high  metal  compositions,  intense 
arcing  was  noticeable  in  the.  microwave  cavity  at  the  beginning  of  the  experiment.  This  effect 
was  attributed  to  high  reflections  from  the  sample;  it  diminished  during  processing  and 
disappeared  as  the  temperature  increased  in  the  sample. 


Weight  fraction  copper  (7) 


\ 


Figure  3.  Heating  rate  of  copper-alumina  composites 


Gimpacted  powders 

Experiments  were  also  carried  out  with  compacted  green  samples  of  the  same  compositions  as 
above.  The  effect  of  compacting  the  powders  on  the  heating  rate  was  studied.  The  peak  of  the 
curve  described  above  (Figure  3)  shifted  towards  the  lower  weight  fractions  of  metals.  A  70 
weight  percent  chromium  mixture,  difficult  to  heat  up  when  loosely  packed,  became  extremely 
absorptive  when  compacted.  Concurrently,  an  absorbing  loosely  packed  90%  weight  fraction 
mixture  became  pcorly  absorbing  when  compacted.  A  typical  shift  is  presented  in  Figure  4,  in 
the  case  of  chromii-m  mixtures. 
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In  this  case,  the  beat  abaorbtng  mixture  shifts  from  a  90%  metallic  fraction  to  70%  metallic 
fraction  when  compacted. 


50  60  70  80  90  too 

Weight  fraction  Chrominm  (%) 


Figure  4.  Heating  rates  of  loosely  packed  and  compacted  chromium-alumina  composites. 

The  combination  of  these  results  seems  to  be  consistent  with  a  phenomenon  in  which  heat 
would  be  dissipated  primarily  on  the  exposed  surface  of  the  metal. 

Skin  depth  and  particle  size 

In  order  to  investigate  the  effect  of  particle  size  on  the  heating  rate,  identical  masses  of  metallic 
powders  alone  ywre  exposed  to  microwaves.  The  heating  rate  decreased  with  increasing  particle 
size  (Figure  5).  The  temperature  of  the  metal  powder  increased  up  to  the  melting  point  of  copper 
(1086*0  and  then  stabilized,  as  the  surface  area  of  the  powder  decreased  and  the  metal  melted. 
This  behavior  conTirms  the  importance  of  the  surface  effect. 

Microwaves  penetrate  a  metal  to  a  depth  known  as  skin  depth  S,  where  the  electric  field  falls  to 
1/e  of  its  value  at  the  surface.  A  simplified  expression  is  (2) 


8- 2.9  10-2(pX)l/2  (1) 

where  p  is  the  resistivity  of  the  metal  in  ohm.meter  and  X  the  vravelength  of  the  radiation. 
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Figure  S.  Influence  of  particle  size  on  the  heating  of  copper  powder. 


Table  1.  Resistivity  and  skin  depth  at  2.45  GHz  for  Cu  and  Cr 


1 

p 

(lun) 

6 

(um) 

1  ^ 

.  12.9 

3.61 

1 

1.67 

1.34 

The  more  conducting  of  two  metals  will  have  a  smaller  skin  depth.  Surface  currents  within  this 
skin  depth  ere  responsible  for  the  heating  mechanism  by  Joule  effect  12).  The  particle  size  effect 
can  be  explained  by  considering  two  mixtures  containing  the  same  amount  of  metal,  say  copper, 
but  with  two  different  particle  sizes.  Table  2  shows  that  for  10-gram  copper  powder  samples 
containing  particles  of  different  radii,  the  one  with  a  particle  radius  closer  to  the  skin  depth  is 
more  affected  by  the  surface  currents.  At  equal  volume  fraction  of  metal  in  a  composite,  the  total 
exposed  surface  area  of  a  sample  containing  small  particles  is  larger  than  that  of  a  sample 
containing  large  particles.  The  volume  of  conducting  medium  affected  by  skin  currents  is 
therefore  larger  for  the  small  metal  particles  mixture  and  the  Joule  heating  is  consequently  more 
important. 
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Table  2.  Influence  of  the  particle  size  on  volume  affected  by  the  surface  cunents 


Particle  radius 
(jim) 

Volume  affected  by  1 

surface  cunents  (cm^)  1 

10 

0.27  1 

1000 

0.003  H 

As  the  volume  fraction  of  metallic  filler  increases,  the  heating  rate  increases.  This  is  in 
accordance  with  various  models  explaining  dielectric  losses  of  mixtures  [3].  As  the  metal 
particles  come  closer  to  each  other  and  the  probability  of  contact  increases,  the  area  exposed  to 
microwaves  diminishes  -clusters  of  metallic  particles  are  equivalent  to  bigger  particles  with 
lower  surface  >‘n*a,  and  microwave  losses  decrease.  The  mixture  then  reaches  a  composition 
known  as  the  percolation  limit  (4,S]  for  the  onset  of  dc  conductivity.  A  similar  effect  is 
obtained  by  applying  a  pressure  on  a  powder:  as  the  probability  of  contact  between  adjacent 
particles  increases,  the  dc  conductivity  of  the  composite  increases  [6]  (an  increasing  fraction  of 
the  inside  of  the  composite  is  shielded  from  the  microwaves).  Good  electromagnetic  shielding  is 
usually  obtained  for  metallic  volume  fractions  close  to  twice  the  critical  volume  fraction  {7]. 
Our  results,  showing  that  is  is  more  difficult  to  heat  compacted  metal-insulator  mixtures,  are 
consistent  with  this  observation.  This  phenomenon  is  also  being  reported  at  the  present 
meeting  in  the  papers  on  processing  of  carbides  from  silicon  carbide  [8]. 

Figure  6  shows  a  cold-pressed  alumina-chromium  sample  fired  at  1 200“C  for  20  minutes.  The 
80  %  chromium- 20%  alumina  sample  exhibited  a  Vickers  hardness  of  550  VHN  and  a  density  of 
71%  of  theoretical  density.  A  sample  containing  90%  chromium  sintered  to  85%  of  the 
theoretical  density.  The  mechanical  properties  of  microwave  cermets  are  the  subject  of  an 
upcoming  publication. 


1  "sr 


Figure  6.  Photograph  of  a  microwave-derived  Chromium-  Alumina  (80-20  wt%)  composite  fired 
for  15  minutes. 
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CONCLUSIONS 


We  have  demonstrated  that  metallic  powders  can  be  used  for  the  generation  of  heat  in  ceramic- 
metal  mixtures  at  microwave  frequencies.  Some  of  the  most  essential  processing  parameters  are 
metallic  volume  fraction,  particle  size  and  packing  density.  The  microwave  absorption  of  such 
mixtures  is  not  linear  with  increasing  metallic  fraction  but  decreases  by  shielding  effect  at  higher 
metal  contents.  Microwave  processing  can  therefore,  with  some  limitations  inherent  to  the 
reflective  characteristics  of  metals,  be  applied  to  the  fabrication  of  cermets. 
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ABSTRACT 

It  is  well  established  that  the  transformation  toughening  in  alumina-zirconia 
(AlgOsrZrOa)  ceramics  depends  critically  on  the  ultimate  size  of  the  Zr02 
particles  In  the  sintered  body.  Microwave  sintering  offers  the  possibility  of 
rapid  densification,  thereby  avoiding  the  excessive  grain  growth. 

In  this  study,  sintering  of  Al203:Zr02  ceramics  was  performed  in  a 
cylindrical  cavity  applicator  operating  at  2.45  GHz  in  the  TM012  mode. 

Different  types  of  Al203:Zr02  powders  were  sintered  to  densities  close  to 
theoretical  using  microwave  energy.  The  resulting  microstructures  were 
compared  with  the  materials  conventionally  sintered. 

INTRODUCTION 

Microwave  sintering  of  ceramics  is  a  growing  area  of  interest.  It  offers 
greater  flexibility  in  thermal  treatment  and  allows  better  control  of 
microstructure  development. 

Heat  is  generated  when  microwave  energy  interacts  with  ceramic  materials. 
Absorption  of  the  electromagnetic  energy  inside  the  material  is  direct  when  the 
material  couples  with  the  microwaves.  This  particular  kind  of  heating  system  has 
a  low  thermal  inertia,  therefore,  it  provides  high  heating  rates.  Rapid  heating  is 
limited  by  several  factors  such  as  some  materials  are  transparent  to  the 
microwaves  at  room  temperature  and  consequently  do  not  absorb  sufficient 
microwave  energy  for  heating  to  occur. 

Microwave  and  radio  hequency  dielectric  heating  is  easy  in  a  materiai  which 
is  polarizable  and  which  efficiently  converts  the  energy  absorbed  from  the 


*  Permanant  Address  :  Laser  and  Plasma  Technology  Division 
Bhabha  Atomic  Research  Centre,  Trombay,  Bombay  400  085,  iNDIA. 
•f  Member,  American  Ceramic  Society. 
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oscillating  electric  field  into  the  thermal  energy  in  the  lattice  [1 ,2].  The  power 
dissipated  by  a  dielectric  in  an  electric  field  is  given  by  : 


P  -  2  ff  f  e  (E2/2)  tan  d 


(1) 


where 

P  -  power  absorbed  in  the  material 

t  -  dielectric  permittivity 

f  -  frequency  of  the  incident  radiation 

E  -  electric  field  strength 

tan  d  ■  loss  tangent  of  the  material 

Temperature  and  impurities  can  have  a  profound  effect  on  the  energy  losses  in 
ceramics.  Conduction  losses  are  typically  found  to  be  predominant  at  higher 
temperatures.  As  the  losses  go  up  the  depth  of  wave  penetration  decreases, 
opposing  the  goal  of  uniform  sintering.  While  any  decrease  in  the  thermal 
conductivity  of  the  material  with  temperature  minimizes  the  heat  loss  and 
provides  a  better  control  on  the  heating  profile.  In  some  cases,  introduction  of 
impurities  can  be  used  to  increase  the  conductivity  and  loss  factor  to  the  desired 
level. 

The  rate  of  heating  increases  with  temperature  for  ceramics  tike  AI2O3  and 
Zr02.  It  is  therefore  necessary  to  control  the  power  available  to  the  process  to 
prevent  thermal  runaway.  To  induce  the  absorption  of  the  microwave  energy  in 
the  materials  it  is  necessary  to  preheat  the  material  before  it  really  starts  to 
couple  to  the  microwaves  (SJ.  Sintering  aids  which  might  couple  at  low 
temperature  and  burn  off  at  higher  temperature  may  be  an  alternative  to  the 
preheating. 

Rapid  heating  ;.ind  Storing  of  materials  minimizes  segregation  of  the 
impurities  to  the  grain  boundaries  while  a  decrease  in  sintering  time  reduces 
grain  growth  [3].  In  conventional  heating  temperature  gradient  causes  greater 
pore  elimination  at  the  surface  [4].  On  the  other  hand  microwave  heating  creates 
higher  internal  temperatures  keeping  the  surface  relatively  cool  and  allows  more 
uniform  pore  elimination.  Good  uniformity  from  microwave  sintering  is  not  an 
easy  objective  to  achieve.  It  requires  a  knowledge  of  the  material's  high 
temperature  microwave  properties  as  well  as  the  ability  to  modify  and  control 
them. 

The  difficulties  encoi  '  )d  in  efficient  microwave  heating  of  the  ceramics 
can  be  reduced  by  the  )  .se  of  a  tunable  resonant  cavity.  Power  absorbed  by  the 
material  being  propc..ional  to  the  square  of  the  electric  field  strength  (equation 
1),  allows  more  power  absorption  in  materials  even  with  low  dielectric  loss. 
Single  mode  resonant  systems  can  be  designed  to  yield  controlled  and  very  high 
field  strength  which  in  turn  results  into  high  heating  rates.  This  increase  is  due 
to  the  high  quality  factor  *Q*  of  the  cavity. 


566 


Microwaves 


Toughness  is  one  of  the  most  important  parameters  in  improving  the 
mechanicai  properties  of  ceramics  and  composites.  One  way  to  improve  the 
fracture  toughness  of  these  ceramics  is  to  take  advantage  of  the  phenomenon  of 
transformation  toughning,  which  is  associated  with  the  zirconia  containing 
ceramics.  The  ceramics  containing  zirconia  have  reiatively  high  fracture 
toughness,  and  this  has  bean  attributed  to  a  number  of  different  mechanisms  such 
as  crack  deflection  and  stress  induced  tetragonal-monoclinic  martensitic 
transformation  P. 

In  the  zirconia  toughn'ed  ceramics,  retention  of  >  10  volume  %  metastable, 
tetragonal  Zr02  in  the  matrix  is  the  key  to  obtaining  the  increased  fracture 
toughness.  However,  to  retain  the  metastable,  tetragonal  ZrOa  it  is  essential  that 
Zr02  grain  size  be  less  than  some  critical  size  which  is  reported  to  be  in  the 
range  of  O.S  to  0.8  pm  {7-9].  This  smalt  ZrOa  particle  size  in  the  matrix  is 
important  for  achieving  the  advantages  of  transformation  toughening.  Above  this 
critical  size  Zr02  grains  transform  to  the  monoclinic  form.  Due  to  the  higher 
temperatures  required  for  the  densification  of  the  Zr02,  significant  grain  growth 
above  this  critical  size  occurs  and  therefore  retaining  desired  volume  fraction 
becomes  difficult  in  the  matrix. 

To  avoid  excessive  grain  grovrih,  hot  pressing  is  frequently  being  used. 
Microwave  sintering  offers  an  alternative  to  hot  pressing  or  pressureless 
sintering.  Since  microwaves  provide  heating  rates  higher  than  achievable  by 
conventional  processing  methods,  samples  pass  more  rapidly  through  the  lower 
temperature  regime  where  surface  diffusion  is  relatively  more  important  and 
the  small  grained  microstructure  is  raised  to  high  temperature  where  grain 
boundary  and  lattice  diffusion  dominate  over  surface  diffusion.  Consequently,  the 
grain  growth  is  significantly  supressed. 

Microwave  sintering  of  Ai203:Zr02  has  been  investigated  by  a  number  of 
investigators  (10].  To  the  best  of  our  knowledge  successful  sintering  of 
reasonable  size  samples  of  Al203:Zr02  using  a  single  mode  applicator  has  not 
been  reported.  The  objective  of  this  study  is  to  show  the  feasibility  of  using  a 
single  mode  applicator  for  sintering  of  Al203:Zr02  samples.  The  samples 
prepared  from  three  different  types  of  Al203:Zr02  powders,  have  been  chosen  to 
investigate  microwave  sintering  characteristics.  The  objective  of  this  study  is 
also  to  avoid  the  external  use  of  a  susceptor  and/or  a  binder. 

EXPERIMENTAL  SET  UP 

The  experimental  system  consists  of  variable  power-CW  microwave  power 
supply  3  KW-operatIng  at  2.45  GH?,  2  circulators  and  matched  dummy  loads, 
power  meters  (that  measures  the  incident  power  Pj  and  the  reflected  power  Pr), 
a  coaxial  input  coupling  system,  Wavemat's  cavity  CMPR-250  and  Accufibre 
temperature  measurement  system'*’.  The  details  of  the  applicator  are  discussed  in 
another  paper  by  the  same  authors  in  this  volume. 


+  Model  100  C,  Accufiber,  Inc.,  Beaverton,  OR  97005. 
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SAMPLE  PREPARATION  AND  EXPERIMENT 


Three  different  types  of  /^aOs^ZrOa  powders  were  used  for  this  study  to  give 
the  parametric  variations  in  the  sintering  characteristics. 

Three  different  types  are  :  AIZr-J,  AiZr-P  and  AIZr-C. 

Starting  material  for  AIZr-J  is  a  commercial  grade  ZF  alundum  abrasive*.  The 
chemical  analysis  (as  provided  by  the  vendor)  is  :  AI2O3-75  %,  Zr02-23  %, 
TiO2-0.4  %,  SiO2-0..3  %.  Fe2O3-0.3  %,  Na2O-0.08  %.  CaO-0.10  %.  MgO- 
0.03  %,  S-0.06  %.  Average  crystal  size  is  17  pm. 

The  as  received  abrasive  was  sieved  and  the  fraction  collected  between  200  and 
500  mesh  size  was  collected  for  this  study.  The  fraction  collected  was  wet  milled 
using  isopropyl  alcohol  and  zirconia  grinding  balls  to  reduce  the  zirconia  particle 
size  below  1  pm.  The  slurry  was  dried  under  an  infra-red  lamp  and  the  powder 
was  sieved  through  alOO  mesh  screen,  '^'he  zirconia  particle  size  in  the  milled 
powder  was  examined  under  scanning  electron  microscope  (JEOL'*’,  JSM-820). 

The  second  lot  of  powder  (AIZr-P)  was  made  by  mixing  alcoa  A16SG 
alumina**  and  Cerac  Zr02  (monoclinic)  1-1041***  to  get  15  volume  %  Zr02 
in  the  mix.  The  mixture  was  rolled  with  Zr02  grinding  balls  in  isopropyl  alcohol. 
The  slurry  was  dried  under  an  infra-red  lamp  and  the  powder  was  sieved  through 
100  mesh  screen.  The  zirconia  particle  size  in  the  milled  powder  was  examined 
under  the  SEM  and  was  below  0.2  pm. 

The  third  lot  of  powder  (AIZr-C)  was  prepared  by  chemical  dispersion  of 
Zr02  particles  in  an  alumina  matrix.  For  the  sake  of  comparision  the  volume 
fraction  of  zirconia  was  kept  the  same  as  AIZr-P.  Sumitomo  alumina  (AKP30- 
MG)  *  was  used  as  the  matrix.  The  following  procedure  was  used  in  dispersing 
Zr02  in  the  AI2O3  matrix.  An  appropriate  amount  of  Zr0Cl2-8H20'*'+  was 
weighed  and  dissolved  in  the  deionized  water  till  a  clear  solution  is  obtained.  The 
AKP30-MG  alumina  powder  was  added  to  this  solution.  The  resulting  slurry  was 
dried  slowly  and  thoroughly.  It  was  then  calcined  at  1100  C  for  2  hours  at  a 
heating/cooling  rate  of  6  C/min.  The  calcined  powder  was  washed  with  deionized 
water  till  it  was  free  of  Cl'  radicals.  The  washed  powder  was  dried  under  an  IR 
lamp  and  milled  using  Zr02  grinding  bails  and  isopropyl  alcohol.  The  slurry  was 
then  dried  and  the  powder  was  sieved  through  the  100  mesh  screen.  The  Zr02 
particle  size  was  below  0.3  pm  as  seen  by  SEM. 

All  three  grades  of  powder  mixtures  were  cold  isostatically  pressed  into 
approximately  25.4  mm.  dia.  x  25.4  mm.  long  pellets  at  276  MPa.  No  binder  was 
added.  To  remove  any  residual  moisture  the  pellets  were  held  in  an  oven  at  100  C 
for  12  hours.  As  pressed  pellets  were  around  60  %  of  theoretical  density. 


*  Norton  Company,  Worcester,  MA  01615. 

+  JEOL,  USA,  Inc.,  Peabody,  MA  01960. 

**  Alcoa,  Aliminium  Company  of  America,  Pittsburgh,  PA. 
***  Cerac,  Inc.,  Milwaukee,  Wl  53201. 

#  Sumitomo  Chemical  Company,  Ltd.,  Osaka,  Japan. 

++  Johnson  Matthey,  Alfa  Products,  Ward  Hill,  MA  01835. 
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For  microwave  sintering  each  pellet  was  wrapped  with  a  small  amount  of 
fiber  insulation  to  minimize  surface  radiation.  The  Insulated  pellet  was  placed  at 
the  center  of  the  cavity  base  plate.The  incident  microwave  power  was  coupled 
through  an  adjustabie  coupling  probe.  Tuning  of  the  particular  mode  TM012  was 
accomplished  by  adjusting  the  position  of  a  sliding  short  and  the  coupling  probe.  A 
hole  approximately  of  3  mm  diameter  was  made  through  the  insulation  to  view 
the  sample  surface  by  the  Accufiber  optical  pyrometer  system  through  a  non- 
radiating  opening  on  the  wall  of  the  cylindrical  cavity. 

Accuracy  of  temperature  measurement  was  limited  by  three  factors.  First,  a 
thermocouple  was  tried  but  the  metallic  leads  acted  as  surface  wave  conduction 
paths  in  the  cavity  high  field  region,  introducing  measurement  uncertainties. 
Second,  errors  in  sample  temperature  measurement  were  due  to  the 
Interference  from  luminous  fiber  insulation  at  high  temperature.  Third,  the 
emissivity  of  the  sample  which  is  also  temperature  dependent  varies  during 
sintering  due  to  morphological  changes. 

Despite  these  limitations,  the  recorded  temperature  did  provide  some  relative 
information  on  the  thermal  history  of  different  samples.  Efforts  are  now  being 
directed  to  get  a  true  estimate  of  the  temperature.  With  some  more  modifications 
we  will  be  able  to  measure  the  actual  temperature  of  the  sample  to  a  reasonably 
good  accuracy. 

The  samples  were  processed  in  the  cavity  according  to  the  schedule  shown  in 
figure  I. 


Fig.  1.  Microwave  sintering  schedule  of  the  various  samples  (1:  AIZr-J, 
2:  AIZr-P,  3:  AIZr-C) 
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The  densities  of  the  sampies  were  measured  by  the  Archimedes  method.  The 
specimens  were  cut  from  the  sintered  samples  and  were  polished  to  a  0.25  pm 
finish  with  diamond  paste  and  the  samples  were  chemically  etched  to  reveal  the 
microstructure.  The  polished  and  fractured  surfaces  were  examined  under  the 
SEM. 

To  compare  the  results  of  the  microwave  processing  with  the  conventional 
sintering,  similar  samples  of  AIZr>J  and  AIZr*P  were  sintered  conventionally 
at  1600  C  for  10  hours  and  1450  C  for  1.5  hours  (followed  by  high  pressure 
sintering  in  Argon  gas,  10.35  MPa,  at  1450  C  for  2  hours). 

RESULTS  AND  DISCUSSIONS 

Results  of  the  miocrowave  sintering  of  the  alumina-zirconia  specimens  are 
shown  in  Table  I 

Table  I  Oensification  results  on  various  samples 


S.No 

Sample 

Sintering  mode 

Time  (hours) 

%  Densification 

1 

AlZr-J 

microwaves 

3.67 

95.79 

2 

AIZr-J 

conventional 

36.00 

94.6 

3 

AIZr-P 

microwaves 

4.50 

99.72 

4 

AIZr-P 

conventional 

26.50 

100 

5 

AIZr-C 

microwaves 

4.42 

100 

The  microstructures  of  the  microwave  sintered  and  conventionally  sintered 
material  are  shown  in  the  figure  nos  2-8. 

The  sintering  can  be  described  in  two  stages:  preheating  stage  where  samples 
are  heated  for  a  few  minutes  at  a  constant  input  power  of  300-400  W,  and 
sintering  where  the  power  input  is  steadily  raised.  Attempts  to  reach  the  final 
sintering  temperature  without  preheating  gave  rise  to  hot  spots,  arcing  and 
eventual  cracking  of  the  samples. 

The  uniform  hot  zone  can  only  be  maintained  when  the  sample  is  properly 
insulated.  The  gradual  increase  in  sample  temperature  is  essential  to  achieve 
crack-free  and  uniformly  dense  samples.  The  thermal  runaway  which  is 
frequerttly  observed  in  microwave  sintering  has  been  avoided. 

The  progress  in  densification  through  controlled  increase  in  sample 
temperature  can  be  monitored  by  noting  a  steady  increase  in  minium  reflected 
power  as  the  material’s  absorption  decreases.  AIZr-J  sample  showed  some 
interesting  features.  Being  impure,  it  coupled  very  well  with  the  microwaves 
initially  but  due  to  decrease  in  the  depth  of  penetration  the  sample  failed  to 
couple  well  at  highe.  temperatures  and  resulted  in  an  increase  in  the  reflected 
power.  Nonetheless,  this  material  was  successfully  sintered  to  95.79  %  density, 
which  was  higher  than  that  obtained  by  conventional  sintering  at  1600  C  for  10 
hours  followed  by  sintering  under  high  pressure  of  Argon  gas. 
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Fig.  6.  Polished  section  of  conventionally  sintered  AIZr-J  <SEI,  5000  X) 


wu  :isi\  1 

Fig.  7.  Polished  section  of  microwave  sintered  AIZr-J  (SEI,  5000X) 
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Fig.  8.  Fractured  surface  of  microwave  sintered  AIZr-C  (SEI,  5000  X) 


The  grain  size  of  zirconia  is  smaller  in  microwave  sintered  samples  as 
compared  to  the  conventionally  sintered  samples  and  is  evident  from  figures  4-7. 

The  fine  microstructure  can  be  explained  in  the  light  of  higher  heating  rates 
with  microwaves.  The  sample  passes  more  rapidly  through  the  lower 
temperature  regime  where  surface  diffision  is  likely  to  be  more  dominant  and  a 
rapid  raise  to  high  temperature  allows  grain  boundary  and  lattice  diffusion  to 
enhance  densification  and  retard  grain  growth. 

CONCLUSIONS 

Al203:2r02  samples  of  various  kinds  were  successfully  densified  from  60  % 
initial  green  density  to  a  high  density  by  using  a  tunable  single  mode  applicator 
operating  in  the  TM012  mode  at  2.45  GHz.  The  times  required  for  conventional 
sintering  for  achieving  similar  densities  were  very  high. 

To  the  best  of  our  knowledge  this  is  the  first  successful  experiment  where 
practical  sized  Al203;Zr02  samples  have  been  microwave  sintered  to  high 
density  without  the  need  for  susceptors  around  the  samples.  High  density  and 
ultrafine  microstructures  in  Al203:Zr02  can  be  achieved  by  rapid  sintering 
with  microwave  heating.  The  ability  to  control  zirconia  grain  size  by  ultra-rapid 
sintering  is  critical  in  achieving  the  advantages  of  transformation  toughening  in 
zirconia  containing  ceramics.  Microwave  sintering  offers  a  major  advantage  over 
conventional  sintering  of  zirconia  based  ceramics. 
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ABSTRCT 

Microwave  sintering  of  Y(3%)-TZP  has  been  performed  in 
a  TE,{^  single  mode  rectangular  applicator.  Ultra- fine 
grain  sizes  of  0.2-0.35  nm  and  high  densities  of  98- 
99.5% (TD)  were  achieved  as  the  sintering  temperatures 
ranged  from  1250  to  1600*  C.  The  problem  of  phase 
transformation  induced  cracking  may  be  solved  by  raising 
the  presintering  temperature  to  remove  the  residual 
monoclinic  phase  in  green  samples. 


INTRODUCTION 


In  recent  years  it  has  been  of  considerable  interest  for 
materials  scientists  to  develop  fine  grained  Y-TZP  (YjO, 
stabilized  tetragonal  ZrOj  polycrystals)  at  submicron  ana 
nanosize  scales  because  of  its  high  fracture  toughness 
and  exceptional  superplesticlty.  Microwave  sintering  has 
been  demonstrated  to  be  very  promising  in  developing 
ultra-fine  microstructure  for  some  ceramics  such  as  AI2OJ 
and  Al-Oj-TiC  composites  due  to  its  high  heating  and 
densiflcation  rates’'*-  The  present  study  was  undertaken 
to  explore  the  feasibility  of  producing  fine  grain  sizes 
in  Y-TZP  by  microwave  sintering. 


Prior  studies  indicated  two  maior  problems  encountered  in 
microwave  sintering  of  Y-TZP^'*:  (1)  It  was  difficult  to 
heat  up  Y-TZP  samples  from  room  temperature  to  high 
sintering  temperatures  in  a  single  mode  cavity.  (2)  Y-TZP 
samples  cracked  frequently  at  high  heating  rates.  The 
reasons  and  possible  solutions  for  these  problems  will  be 
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discussed  in  this  article. 


Fig.l  Diagram  of  Microwave  Sintering  System. 


EXPERIMENTAL  PROCEDURE 

The  commercial  TZ-3Y  powder  of  Y20j(3  mol%)'-T2P*  was  used 
in  this  sintering  study.  The  average  particle  size  and 
the  specific  surface  area  of  this  powder  were  measured  as 
0.065  (im  and  16.5  mVg»  respectively.  The  green  samples 
were  isostatically  pressed  at  294  MPa  as  4  mm  diameter 
rods.  The  samples  were  presintered  in  air  at  1150*  C  for 
1  hour. 

The  2.45  GHz  -  microwave  sintering  system  is  shown 
schematically  in  Fig.l.  Sintering  tests  of  Y-TZP  samples 
were  performed  in  a  high  Q  rectangular  TE^qj,  single  mode 
applicator.  The  structure  and  components  of  this 
applicator  have  been  well  designed  for  the  purpose  of 
sintering  various  ceramics®.  Optimal  coupling  and  tuning 
were  accomplished  by  adjusting  the  position  of  a  moving 
plunger  and  the  size  of  an  adjustable  iris.  Surface 
temperatures  were  measured  by  an  optical  fiber  pyrometer 
and  controlled  by  varying  input  power.  Sintering 
temperatures  varied  from  1250*  C  to  1600*  C.  Polished 
specimens  were  thermally  etched  in  air  at  1200*  C  for  4 
hours  to  reveal  the  microstructure.  Grain  size  was 
measured  on  SEH  micrographs  by  stereological  methods. 
Densities  were  measured  by  the  Archimedes  method. 


*  Tosoh  corporation,  Japen. 
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RESULTS  AND  DISCUSSION 

Wilson  and  Kunz  reported  that  they  were  unable  to  heat  up 
y-TZP  green  samples  in  their  rectangular  cavity  because 
of  its  low  microwave  absorption  at  ambient  temperature^. 
It  was  noted  that  although  a  movable  reflector  was  used 
for  tuning,  the  lack  of  optimal  coupling,  as  no  iris 
shown  in  the  diagram  of  their  cavity,  seems  to  be  the 
reason  for  their- failure  of  heating  up  Y-TZP  samples. 

In  this  study,  a  set  of  circular  plate  iris  and  a  high 
Q  adjustable  iris  were  used  to  investigate  the  effects  of 
coupling  conditions  on  heating  Y-TZP  samples.  The 
usefulness  of  high  Q  adjustable  iris  in  heating  ceramics 
with  low  loss  factors  was  discussed  elsewhere^.  It  was 
possible  to  heat  up  Y-TZP  samples  from  room  temperature 
to  1000-1200*  C  with  the  small  plate  iris  of  27.5  mm  and 
37.5  mm  diameters  but  was  impossible  to  do  so  with  the 
large  plate  iris  of  42.5  mm  and  50  mm  diameters.  However, 
the  maximum  temperatures  reached  with  full  input  power 
(800H)  were  limited  to  below  1250*  C  and  1000*  C  with 
37.5  mm  and  27.5  mm  iris,  respectively.  Sintering  tests 
were  unable  to  be  performed  at  these  low  temperatures. 

Y-TZP  samples  were  heated  up  very  rapidly  from  room 
temperature  to  1600*  C  or  higher  with  the  high  Q 
adjustable  iris.  During  the  heating  process,  the  size  of 
the  adjustable  iris  was  continuously  adjusted  from  24  mm 
at  room  temperature  to  109  mm  at  above  1400*  C  (fully 
opened) .  This  maintained  the  applicator  in  optimal 
coupling  states  of  more  than  95%  energy  efficiency  at  all 
times.  The  wide  change  of  iris  size  with  temperature 
indicated  that  the  dielectric  properties  of  Y-TZP 
changes  dramatically  with  temperature.  A  small  iris  size 
was  required  for  critical  coupling  at  room  temperature 
due  to  the  low  dielectric  loss.  At  sintering 
temperatures,  its  loss  became  very  high  and  a  big  iris 
must  be  used  for  optimal  coupling.  The  variation  of 
temperature  with  input  power  for  different  iris  was 
plotted  in  Fig. 2.  It  is  seen  that  using  an  adjustable 
iris  instead  of  a  plate  iris  improved  energy  efficiency 
significantly. 

It  was  also  reported  previously  that  Y-TZP  green  samples 
cracked  frequently  during  rapid  sintering*'  .  We  had  the 
same  problem  with  cracking  when  the  green  samples  were 
presintered  at  800*  C.  The  onset  of  cracking  was  observed 
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to  be  prior  to  the  conmenceaent  of  shrinkage.  Further 
tests  with  varying  the  presintering  temperatures  revealed 
that  there  was  a  critical  presintering  temperature  of 
1150*  C  beyond  which  the  cracking  of  green  sample  could 
be  eliminated.  X~ray  analysis  of  the  original  powder  and 
the  green  samples  identified  the  existence  of  6%  and  3.5% 
monoclinic  phases  in  the  original  Y-TZP  powder  and  in  the 
green  sample  presintered  at  1100*  C,  respectively,  but  no 
monoclinic  phase  v  as  detected  from  the  green  seunples 
presintered  at  the  temperatures  above  1150*  C.  Fig. 3 
shows  the  x-ray  diffraction  pattern  of  the  1100*  C 
presintered  green  sample.  It  is  known  that  there  is  9% 
volume  change  when  ZrOj  transforms  from  monoclinic  phase 
to  tetragonal  phase^.  Therefore,  it  is  reasonable  to 
believe  that  the  cracking  was  induced  by  the  high 
stresses  from  the  large  volume  changes  associated  with 
this  phase  transformation  during  microwave  sintering.  In 
order  to  avoid  the  cracking  problem,  a  presintering 
temperature  of  1150*  C  is  necessary  for  eliminating  the 
residual  monoclinic  phase. 

All  the  green  samples  were  presintered  at  1150*  C  in  air 
for  1  hour.  The  sintering  tests  were  performed  at 
different  temperatures  using  the  adjustable  iris  for 
coupling.  Y-TZP  green  samples  were  rapidly  heated  up  to 
1100*  C  with  a  small  hot  zone  initially  appeared  at  the 
center  of  the  applicator.  A  slow  heating  was  followed 
between  1100-1200*  C  to  reduce  the  chance  of  cracking. 
Once  the  temperature  passed  through  1200*  C  without 
sample  cracking,  a  stable  sintering  temperature  can  be 
maintained  with  constant  power  supply.  Shrinkage 
commenced  at  temperatures  between  1200-1300*  C.  The 
samples  were  smoothly  translated  through  the  cavity  at 
1  cm/min  and  sintered  to  a  high  density.  As  the 
temperature  increase,  a  uniform  hot  cone  grew  rapidly 
over  the  sample  due  to  the  rapid  increase  of  the  thermal 
conductivity  with  temperature.  It  is  significant  to  nore 
that  thermal  runaway  phenomena  frequently  encountered  in 
the  sintering  of  ceramics  was  not  observed  in  the 
sintering  of  Y-TZP  which  may  be  attributed  to  the  fact 
that  Y-TZP  has  a  high  melting  point  and  a  high  thermal 
conductivity  at  sintering  temperatures.  The  temperature 
dependence  of  the  density  and  the  grain  size  as  a 
function  of  density  are  plotted  in  Fig. 4  and  Fig. 5, 
respectively.  It. is  seen  that  fine  grain  sizes  of  0.2- 
0.3  ^m  and  high  densities  of  98-99.5%  TD  were  achieved 
with  sintering  temperatures  of  1200-1600*  C.  A  typical 
microotructure  of  a  microwave  sintered  Y-TZP  sample  is 
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illustrated  in  Fig. 6.  These  results  indicate  that  ultra- 
fine  low  subDicron  grained  Y-T2P  is  readily  achieved  by 
microwave  sintering.  However,  further  decreases  of  the 
grain  size  to  nanosizes  seem  to  be  difficult  because  of 
the  pre-growth  of  the  particles  at  the  high  presintering 
temperature  of  1150*  C.  If  pure  Y-TZP  powder  without 
residual  monoclinic  phase  becomes  available,  presintering 
temperature  can  thus  be  reduced  and  microwave  sintering 
may  have  the  potential  to  produce  the  nanosize 
microstructure . 

SUMMARY 

Rapid  sinterting  of  Y-T2P  has  been  achieved  in  a  single 
mode  applicator  by  microwave  heating.  Critical  coupling 
and  tuning  is  essential  for  direct  heating  of  Y-T2P  from 
room  temperature  to  sintering  temperatures.  Ultra-fine 
grain  sizes  of  0.2-0. 3  nm  and  high  densities  of  98-99%TD 
can  be  achieved  by  microwave  sintering  of  Y-TZP.  The 
problem  of  phase  transformation  induced  cracking  during 
rapid  sintering  of  Y-TZP  may  be  solved  by  raising  the 
presintering  temperature  to  remove  the  residual 
nonoclinic  phase  in  green  samples.  Microwave  sintering 
has  the  potential  to  produce  nanosize  microstructure  if 
pure  Y-TZP  powder  without  monoclinic  phase  becomes  avail¬ 
able. 
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MICROWAVE  PROCESSING  OF  POLYESTER  AND  POLYESTER/GLASS 
COMPOSITES. 
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ABSTRACT 

Keywords:microwave  processing;  polyester;  polyester/glass  composite;  extent 
of  cure;  dielectric  measurement;  mode  switching 

Polyester  resins  and  polyester/glass  composites  were  processed  using  2.45GHz 
microwave  radiation  in  single  mode  resonant  cavities.  An  alkyl  phthalate 
polyester  resin  (diluted  with  vinyltoluene)  and  a  unidirectional  glass 
fiber/polyester  (diallyl  phthalate)  prepreg  were  examined.  In  the  study  of 
polymerization  kinetics,  a  6  inch  diameter  resonant  cavity  and  a  thin  film 
technique  were  used  to  cure  neat  resin  samples.  Thermal  curing  was  carried  out 
for  comparison.  The  extents  of  cure  of  the  samples  were  determined  using 
Fourier  Transform  Infrared  Spectrophotometry  (FTIR).  Faster  reaction  rates 
were  observed  during  microwave  cure  compared  with  those  of  thermal  cure. 
In  addition,  microwave  curing  initiated  the  reaction  at  a  lower  bulk  temperature 
in  a  shorter  time.  The  complex  dielectric  permittivity  of  the  cured  and  uncured 
resins  at  room  temperature  were  measured  using  a  swept  frequency  method  in 
a  TMo^2  >T)ode.  Fully  cured  samples  were  microwave  heated  in  various 
resonant  modes  in  the  7  inch  cavity  and  temperature  distributions  for  each 
mode  were  measured.  These  measurements  were  used  to  determine  which 
combinations  of  modes  could  be  used  to  produce  uniform  heating  of  uncured 
samples  in  a  mode  switching  technique.  It  was  shown  that  a  relatively  uniform 
temperature  distribution  can  be  achieved  in  both  fresh  and  fully  cured 
composites  using  a  mode  switching  technique. 

INTRODUCTION 

Microwave  processing  has  been  investigated  as  an  alternative  to  conventional 
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thermal  processing  of  polymers  and  composite  materials.  Single-mode, 
cylindrical  microwave  resonant  cavities  have  been  developed  at  Michigan  State 
University  to  process  polymers  and  composites  with  controlled  heating  cycles. 
These  microwave  methods  offer  potentially  faster  and  more  controllable  cures 
than  conventional  thermal  methods.  Enhanced  properties  have  been  obtained 
for  epoxies  and  graphite/epoxy  composites  processed  in  microwave 
cavities. (1,2, 3,4] 

Polyester  resins  are  often  used  as  matrix  material  for  composites  because  of 
their  comparatively  low  cost  and  easy  molding  at  low  temperatures.  In 
addition,  they  have  excellent  electrical  properties,  good  mechanical  properties, 
and  require  short  cure  cycles.  Typical  applications  in  manufacturing  processes 
are  Sheet  Molding  Compounds  (SMC),  Pultrusion,  and  Filament  Winding. 

The  goal  of  the  research  is  to  demonstrate  the  feasibility  of  processing 
polyesters  and  polyester/glass  composites  using  microwave  technology. 

EXPERIMENTS 

The  details  of  microwave  processing  and  diagnostic  system  have  been 
described  previously  (51.  There  are  four  major  units  in  the  system.  They  are 
microwave  generating  circuit,  cylindrical  tunable  resonant  cavity,  fluoroptic 
temperature  sensing  system*,  and  closed-loop,  feedback  control  and  data 
acquisition  unit.  The  essential  part  of  closed-loop,  feedback  control  is  a  coaxial 
switch  which  turns  the  microwave  power  on  and  off  to  maintain  isothermal 
conditions.  This  switch  was  regulated  by  a  dc  power  supply  that  was 
controlled  by  an  I/O  interface  board  in  the  data  acquisition  system.  Actuation 
of  the  on/off  switch  was  automated  with  a  computer  in  response  to 
temperature  feedback  from  the  fluoroptic  temperature  sensing  system. 

Microwave  processing  experiments  of  both  neat  polyester  resin  and 
polyester/glass  composites  were  conducted.  An  n-alkyl  phthalate  polyester 
was  chosen  for  the  neat  resin  studies.  VinyltolueneOO  wt%)  was  used  as  the 
crosslinking  monomer  for  this  study.  Benzoylperoxic's(1%)  was  added  as  a 
catalyst.  Glass  fiber  (70  wt%)  composites  with  a  diallyl  phthalate  polyester  as 
matrix  material  were  used  in  the  composites  study.  The  prepreg  was  a  1 .6cm 
wide  X  0.3cm  thick  tape. 

In  the  neat  resin  study,  both  reaction  kinetics  and  dielectric  properties  were 
studied.  A  thin  film  technique  was  used  in  the  reaction  kinetics  study  to  avoid 


•  Fluoroptic  temperature  sensing  Model  750,  LUXTRON,  Mountain  View,  CA 
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large  temperature  gradients.  The  extent  of  cure  was  determined  using  Fourier 
Transform  Infrared  Spectroscopy**.  In  the  preparation  of  the  thin  film 
polyester  samples,  about  4  mg  of  the  resin  mixture  was  evenly  distributed  on 
a  potassium  bromide  (KBr)  disk  (13  mm  in  diameter,  1  mm  in  thickness). 
Another  disk,  with  a  hole  in  the  center  for  insertion  of  the  temperature  probni, 
was  placed  on  the  top  of  the  resin.  KBr  was  chosen  because  of  its 
transparency  to  infrared  and  microwave  radiation.  Fresh  thin  film  samples  were 
scanned  in  the  FTIR  before  cure.  Samples  were  isothermally  microwave  cured 
at  85,  100,  and  1 1S^C  for  various  time'i  employing  the  TE^^^  mode  in  a  6"  dia 
microwave  cavity.  The  sample  was  pl.iced  in  the  center  of  the  cavity  where 
the  E-field  is  the  strongest.  The  cavity  was  manually  adjusted  to  maintain  the 
resonance  during  the  microwave  cure.  Thermal  cure  experiments  were  carried 
out  for  comparison.  All  samples  were  quenched  in  dry  ice  at  specified  times  and 
scanned  in  the  FTIR.  The  extent  of  cure  of  the  processed  polyester  was 
calculated  using  the  following  formula. 


where  Agog  is  the  area  under  the  analytic  absorbance  peak  of  the  reacting  alkyl 
group  and  A^  egg  is  the  area  under  the  reference  absorbance  double  peak  of  the 
nonreact'ng  ortho  disubstituted  benzene  ring.  The  reference  peak  is  used  to 
compensate  for  possible  changes  in  the  film  thickness  during  cure. 

In  the  measurement  of  the  complex  permittivity  of  polymer  materials,  swept 
frequency  methods  were  developed  based  on  a  TMg^j  mode  and  the  cavity- 
material  perturbation  theory.  The  detailed  experimental  procedures  were 
reported  previously  (5). 

In  the  microwave  study  of  polyester/glass  composites,  a  7  inch  dia  cavity  was 
used  with  constant  input  power  of  60  watts.  The  composite  sample  was  3  inch 
by  3  inch  nnd  was  made  from  the  prepreg  tape.  There  were  two  parts  in  this 
study.  The  nrst  part  was  a  single  mode  study  with  focus  on  the  microwave 
heating  chancteristics  of  a  fully  cured  sample  in  various  resonant  modes.  This 
part  enabled  us  to  find  the  combination  of  modes  which  could  achieve  a 
uniform  temperature  distribution  in  a  cured  sample.  Second  was  mode- 


**  FTIR  Model  1850,  Perkin  Elmer,  Norwalk,  CT 
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switching  study  in  which  fresh  polyester/glass  composites  were  processed 
using  a  combination  of  the  modas  found  in  the  first  part.  Several  midplane 
temperatures  and/or  surface  temperatures  were  measured  during  both  parts  of 
the  study.  In  the  single  mode  study,  the  sample  was  heated  until  one  of  the 
temperatures  reached  180  ®C  or  the  time  limit  of  20  minutes  was  exceeded. 
The  uncured  sample  was  placed  inside  a  vacuum  bag,  covered  with  a 
nonporous  release  film  and  the  temperatures  measured  on  top  of  the  film. 

RESULTS  AND  DISCUSSION 

Figures  1 , 2  and  3  show  the  extent  of  cure  versus  time  profiles  for  thermal  and 
microwave  processed  thin  film  samples.  Higher  reaction  rates  were  observed 
in  microwave  curing  as  compared  to  thermal  curing.  At  lower  cure 
temperatures,  such  as  85“C,  the  ultimate  extent  of  cure  is  higher  in  microwave 
cure  than  in  thermal  cure  as  shown  in  Figure  1 . 

Figure  4  shows  the  temperature-time  profiles  in  microwave  cure  at  constant 
power,  and  thermal  cure  at  constant  oven  temperature.  The  sample  in  the 
microwave  environment  reached  the  intended  temperature  faster,  and  with  a 
lower  peak  exotherm  temperature  than  the  sample  in  the  oven.  Microwave 
heating  initiated  the  reaction  at  a  lower  bulk  temperature  than  thermal  heating. 

The  dielectric  constant  e',  and  the  loss  factor  e"  of  the  uncured  and  the  cured 
samples  measured  using  the  swept  frequency  method  at  room  temperature  are: 

('  -  3.2  ±  0.2  and  e"  =  0.051  ±  0.003  for  the  uncured  polyester  and 
f'  -  3.4  ±  0.3  and  e"  =  0.033  ±  0.002  for  the  cured  polyester. 

Table  1  contains  a  summary  of  results  for  the  single  mode  heating  experiments. 
Lc  and  Lp  in  the  second  column  represent  cavity  length  and  coupling  probe 
length  for  the  single  mode  heating.  Columns  3  and  4  are  listings  of  maximum 
temperature  differences  in  the  interior  and  overall,  respectively,  at  the  end  of 
each  run.  All  heating  with  single  modes  exhibited  poor  temperature  uniformity. 
Runs  M2,  M3  and  #4  had  the  best  heating  efficiencies.  Due  to  their  high  heating 
rates,  these  runs  reached  the  control  temperature  of  1 80  °C  within  7  minutes. 
The  overall  temperature  difference  ranged  from  140  °C  to  57  °C.  The  interior 
temperatures  were  most  uniform  (AT  =  26  °C)  for  run  #5.  The  nonuniformities 
were  due  to  two  factors,  1)  the  nonuniform  E-field  and  2)  the  low  thermal 
conductivity  of  the  matrix  and  the  fibers.  Column  5  shows  the  relative  values 
of  the  four  interior  temperatures  at  each  location.  Numbers  of  1  to  4  were 
used  to  represent  the  location  of  the  lowest  to  the  highest  temperature.  This 
information  was  used  to  develop  the  mode  switching  technique  to  process 
composites  using  modes  with  complementary  heating  patterns.  Runs  1  and  2 
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were  nearly  complementary  and  were  used  for  mode  switching  processing. 


Table  1  Summary  of  Experimental  Results 
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Figures  5  and  6  show  the  temperature  time  profiles  for  microwave  heating  of 
the  cured  and  uucured  sample,  respectively,  using  the  mode  switching 
technique.  The  temperature  profiles  are  relatively  uniform  compared  to  the 
individual  single  modes  and  are  controllable  by  mode  switching.  The 
temperature  distribution  is  within  20  Celsius  for  fresh  samples.  These 
experiments  demonstrate  the  promise  of  mode  switching  for  temperature 
control  during  curing  of  composites.  Additional  benefits  may  be  derived  from 
variations  in  power  or  frequency  switching. 

CONCLUSIONS 

A  neat  polyester  resinlalkyl  phthalate  diluted  with  vinyltoluene)  was  cured  using 
2.45  GHz  microwave  radiation  and  a  thin  film  technique.  Microwave  cure 
kinetics  were  compared  to  those  of  thermal  cure.  Faster  reaction  rate  was 
observed  in  microwave  curing  as  compared  to  that  of  thermal  curing.  Higher 
ultimate  extents  of  cure  were  observed  in  microwave  curing  than  in  thermal 
curing  at  low  cure  temperatures.  Microwave  heating  initiated  the  reaction  at  a 
lower  bulk  temperature  than  thermal  heating.  Microwave  heating  characteristics 
of  a  fully  cured  polyester/giass  composite  were  studied  using  a  7”  diameter 
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cavity  and  2.45  GHz  microwave  radiation.  Heating  rates  and  temperature 
uniformity  were  strong  functions  of  the  resonant  modes.  No  single  resonant 
mode  could  produce  a  uniform  temperature  profile  due  to  the  nonuniform  E-field 
and  low  thermal  conductivity  of  the  glass/polyester  composites.  A  mode¬ 
switching  technique  using  modes  with  complementary  heating  patterns  was 
employed  to  obtain  a  uniform  temperature  profiles  during  microwave  heating 
of  both  cured  and  uncured  polyester/glass  composites. 
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Figure  1 .  Extent  of  cure  Versus  time  profile  for  thin  film 
polyester  samples  at  cure  temperature  of  85 °C 
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Figure  2.  Extent  of  cure  Versus  time  profile  for  thin  film 
polyester  samples  at  cure  temperature  of  100°C 
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Figure  3.  Extartt  of  cure  versus  time  profile  for  thin  film 
polyester  resins  at  cure  temperature  of  115°C 


Rgure  4  Temperature  profiles  during  microwave 
and  thermal  processing  nf  polyester  resins 
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Figure  5  Temperature  profiles  during  microwave  heating  of  cured 
glass/polyester  composite  using  mode  switching  technique 


Figure  6  Temperature  profiles  during  microwave  processing  of 
uncured  glass/polyester  composite  using  mode  switching  technique 
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USE  OF  A  TMoio  MICROWAVE  CAVITY  AT  2.45  GHz  FOR  AEROSOL  AND 
FILAIvIENT  DRYING 


D.  E.  Christiansen  and  W.  P.  Unruh 
Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 

ABSTRACT 

As  part  of  the  development  of  a  generic  spray-drying  process  for  aerosol 
preparation  of  homogeneous  powders  of  complex  metal  oxide  systems,  we  have 
investigated  the  use  of  2.45  GHz  power  in  a  high-Q  single-mode  TMqio  cavity 
coupled  directly  to  aerosols  of  aqueous  solutions.  Partial  success  was  attained  with 
a  concentrated  solution  of  ferric  nitrate.  Although  all  particulates  showed  drying, 
only  a  few  percent  of  the  particles  were  fiilly  dried  prior  to  collection.  The  cavity 
operated  at  a  power  level  just  below  that  sufficient  to  cause  electric  field  breakdown 
in  the  carrier  gas  (dry  nitrogen).  The  large  inherent  dielectric  shielding  of  the 
spherical  droplets  makes  it  difficult  to  couple  enough  power  into  an  aerosol  at  2.45 
GHz  to  overcome  the  heat  loss  from  individual  droplets  to  the  suirounding  gas  and 
achieve  full  particulate  drying.  The  calculated  and  measured  dielectric  shielding  of  a 
thin  cylinder  of  water  align^  with  the  cavity  electric  field  is  very  much  smaller. 
We  have  produced  heating  rates  in  water  -600  times  more  rapid  than  could  be 
achieved  with  aerosols.  This  suggests  using  2.45  GHz  microwave  power  for 
drying  extruded  filaments  and  then  cScining  those  dried  filaments  to  ceramic  fiber. 

INTRODUCTION 

The  use  of  microwave  power  to  dry  fine  sprays  of  solutions  of  oxide 
systems  has  several  attractive  aspects.  The  solutions  may  be  formulated  to  produce 
complex  oxide  powders  directly  as  the  droplets  are  evaporated.  The  evaporation 
rates  may  be  adjusted  over  a  wide  range,  and  even  controlled  in  a  feedback  system, 
to  produce  particular  product  characteristics.  Controlling  the  nozzle  itself  to  yield 
an  aerosol  of  uniformly-sized  droplets  would  result  in  particulates  which  are  quite 
monodisperse,  and  would  allow  powder  production  in  any  convenient  size,  down 
to  nanoparticulates,  by  adjusting  the  droplet  diameter  and  solution  concentrations 
appropriately.  Furthermore,  after  the  droplet  stream  has  been  dried,  additional 
thermal  processing  in  the  same  (or  a  spatially  related)  microwave  field  may  be 
attained.  Thus,  it  seems  possible  to  C  sign  a  highly-cfficient  integrated  system  to 
spray,  dry  and  process  complex  metal  solutions  to  quality  powders  in  a  controlled 
manner  using  microwaves. 
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Initial  experiments  have  been  completed  using  a  3  kW  commercially- 
available  2.45  GHz  microwave  source  coupl^  to  a  single-mode  TMqio  cavity.  The 
resulting  axially-uniform  microwave  electric  field  has  b^n  coupled  to  two  different 
aerosol  generators. 

TOE  EXPERIMENTAL  SYSTEM 

I.  The  Microwave  Supply  and  Oivity  System. 

The  microwave  supply  and  cavity  system  is  shown  in  Figure  1.  The  3  kW 
power  generator*  is  design^  for  low  ripple  and  stable  frequency  and  power  output. 
The  transmission  and  coupling  system  is  designed  to  isolate  the  magnetron  source 
from  the  high-Q  cavity,  through  careful  matching,  to  prevent  phase-shifted  cavity 
reflections  from  disturbing  the  operating  frequency  of  the  magnetron.  This 
provides  a  spectral  purity  of  less  than  300  kHz,  narrow  enough  to  match  over  95% 
of  the  power  into  the  cavity.  A  variable-stub  tuner  provides  power  level  adjustment 
up  to  a  maximum  of  2.2  kW  (reduced  from  3  kW  by  system  losses)  incident  on  the 
cavity  coupling  iris  and  allows  operation  of  the  magnetron  at  constant  power  and 
frequency.  Essentially  all  of  the  incident  microwave  power  is  dissipated  in  the 
cavity  waUs,  which  are  cooled  at  a  temperature  above  ambient  (~30O  C)  to  prevent 
condensation.  A  system  of  cavity  coupling  irises,  of  the  beyond-cutoff  type, 
allows  us  to  extcrntdly  reduce  the  operating  Q  of  the  cavity  ftom  a  maximum  of 
-96(X)  and  to  critically  couple  nnicrowave  power  from  the  source  into  the  cavity. 


Spray 


Figure  1.  Functional  diagram  of  the  microwave  and  cavity  system. 
•Gcrling  Laboratories,  Modesto,  CA,  Model  GLl  19. 
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This  flexible  system  makes  it  possible  to  fully  couple  any  power  level  into 
the  cavity  and  thus  achieve  any  microwave  electric  field  up  to,  and  including, 
breakdown  in  dry  nitrogen.  Directional  couplers  allow  us  to  measure  the  power 
bled  from  the  cavity  (in  adjusting  its  Q)  and  to  measure  incident  and  reflected 
power,  thus  providing  accountability  of  all  power  in  the  sytem.  The  high  isolation 
between  the  microwave  power  source  and  the  cavity-coupling  system  provides 
great  flexibility  in  setting  up  the  appropriate  parameters.  We  can  attain  the  electric 
field  intensity  desired  with  a  high  degree  of  control  and  stability  of  the  system. 
After  a  few  minutes  warm  up,  the  magnetron  source  can  be  run  open  loop,  without 
feedback  control,  maintaining  its  tuning  on  the  cavity  resonant  frequency  for  long 
periods  of  time  without  adjustment. 

n.  THE  AEROSOL  GENERATORS  AND  GAS  FLOW  SYSTEM 

Two  droplet  generators  have  been  used  in  these  studies.  The  first,  a 
commercial  unit*,  consists  of  an  ultrasonically -driven  nozzle  which  produces  a 
polydisperse  conical  spray  (half  angle  of  ~40  degrees).  It  is  capable  of  a  liquid 
throughput  of  ~2xl0**  m^s'*  (1-2  ml/min).  The  conical  spray  does  not  conform 
well  to  the  axial  microwave  electric  field  in  the  cavity.  A  significant  fraction  of  the 
droplets  are  able  to  migrate  to  the  cavity  walls  and  arc  deposited  there  in  a  region 
where  the  electric  field  is  near  zero.  They  eventually  accumulate  a  layer  of  fluid 
and/or  dried  solute  which  must  be  removed  mechanically. 

The  second  design,  while  more  difficult  to  maintain,  has  been  more 
satisfactory  from  the  viewpoint  of  producing  sprays  which  are  better  characterized 
and  more  convenient  to  use  in  the  microwave  system.  A  reservoir  holding  the 
solution  is  pressurized  at  ~30  psi  and  delivered  through  a  filter  to  a  nozzle  whose 
diameter  is  -1/2  the  desired  droplet  diameter.  This  fine  nozzle  is  mounted  in  a 
piezoelectric  transducer  which  produces  an  oscillatory  di.sturbance  in  the  laminar 
stream  of  fluid  leaving  the  nozzle.  The  resulting  coherent  disturbance  (typically 
excited  at  -250  kHz)  forces  the  growing  instabilities  in  the  detached  stream  to  be 
equally  spaced  along  the  flow,  so  that  the  droplets  generated  arc  uniform  in  both 
spacing  and  diameter.  A^n  example  of  the  droplet  stream  obtained  is  shown  in 
Figure  2. 


Figure  2.  The  droplet  stream  produced  by  the  coherent  generator.  Final 
diameter  is  approximately  30[im.  This  time  exposure  (-200  sec.)  shows  the  exact 
coherence  of  the  stream. 


*Sono-Tech  Corp.,  Poughkeepsie,  NY,  Model  8700-120MS. 
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This  stream  is  directed  axially  into  the  miciowave  electric  field  in  such  a 
way  that  only  detached  spherical  droplets  enter  the  cavity.  The  interior  volume  of 
the  cavity  is  filled  with  a  carrier  gas  (dry  nitrogen)  which  is  introduced  into  the 
cavity  through  a  seive  of  fine  holes  in  *e  top  cover  of  the  cavity.  The  droplets  are 
injected  into  this  flow.  Because  of  their  small  diameter,  the  droplets  are 
immediately  decelerated  as  they  enter  the  cavity  and  are  transported  through  the 
cavity  at  rest  with  respect  to  the  carrier  gas,  moving  at  about  0.05  m/sec.  Most  of 
the  particulates  arc  deposited  on  a  filter  just  below  the  mesh  screen  which  forms 
part  of  the  bottom  end  cap  of  the  cavity.  A  mild  underpressure  is  applied  to  the 
filter  by  means  of  a  small  vacuum  pump  at  the  exit  of  this  system  to  enhance  the 
flow,  as  desired,  and  make  particulate  collection  on  the  filter  more  complete. 
However,  the  cavity  itself  is  always  maintained  at  ambient  (or  slightly  higher) 
pressure  during  the  processing. 

With  the  microwave  power  being  stably  coupled  into  the  cavity  and  the 
carrier  gas  flow  established,  the  droplet  generator  is  started  and  mounted  on  the 
cavity  while  running,  so  only  the  desired  droplet  distribution  is  introduced  into  the 
operating  cavity.  After  a  few  seconds  (enough  time  to  collect  particulates  on  the 
filter),  the  droplet  generator  is  removed  and  microwave  power  turned  off. 
Collected  particulates  are  recovered  from  the  filter  for  microscopic  examination. 

OBSERVATIONS 

It  is  observed  that  drying  is  very  slow  at  2.45  GHz  .  Dried  particles  are 
shown  in  Figure  3.  Only  a  few  were  dri^  fully  (as  judged  from  their  morphology) 
by  the  microwaves.  This  result  is  consistent  with  the  observation  that  introduction 


Figure  3.  A  sample  of  the  particles  collected  from  the  cavity.  Those  with 
well-developed  spherical  shells  arc  presumed  to  have  been  dried  within  the  cavity 
by  the  microwaves. 
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In  contrast,  a  very  thin,  unbroken  cylindrical  stream  of  water  couples  well 
to  the  cavity  at  this  frequency,  as  evidenced  by  the  much  larger  shifts  of  resonance 
frequency  and  Q.  This  greater  coupling  results  in  much  stronger  microwave 
heating  of  such  a  stream  than  of  droplets.  We  estimate  volumetric  heating  rates  as 
much  as  -600  times  larger  with  this  geometry.  We  have  produced  continuous 
boiling  and  pressurization  to  6.9x10^  Pa  (100  psi)  of  a  3(K)|im  dia.  stream  of  water 
confined  in  a  small  teflon  tube,  with  negligible  disturbance  during  operation  of  the 
frequency  and  Q  of  the  microwave  cavity.  That  is,  boiling  and  superheating  took 
place  so  rapidly,  with  so  little  extraction  of  the  available  microwave  power,  that  the 
fluid  stream  penetrated  the  cavity  only  a  short  distance  (perhaps  0.01-0.02  m) 
before  being  converted  to  steam  at  -6.9x105  Pa. 

Both  results  are  to  be  expected  from  the  basic  electromagnetic  boundary 
conditions  governing  interaction  of  the  applied  microwave  electric  field  with  the 
water  solution.  The  microwave  energy  dissipation  within  the  droplet  is  given  by 


(dq/dtV  =  (55.63xl0-»2)k"(Eint)2c0b  W/m3,  (1) 


where  Hint  is  the  rms  microwave  electric  field  at  angular  frequency  co^  in  the  interior 
of  the  solution  and  k"  is  the  relative  imaginary  dielectric  constant  of  the  solution. 
For  water  the  relative  real  dielectric  constant  at  27°C  is  k’  -80.  In  spherical 
droplets  a  standard  calculation  using  the  electromagnetic  boundary  conditions 
shows  that  the  internal  electric  field  is  reduced  by  the  factor  3/(k’+2),  which 
decreases  the  microwave  energy  dissipation  by  -750.  On  the  other  hand,  because 
the  tangential  electric  field  is  continuous  across  a  dielectric  boundary,  the  internal 
field  in  a  long  thin  dielectric  oriented  parallel  to  the  applied  microwave  electric  field 
is  approximately  equal  to  the  applied  field  in  tlie  cavity.  Thus  volumetric  heating  of 
filaments  and  fibers,  suitably  oriented  to  be  parallel  to  the  applied  microwave 
electric  field,  will  be  much  more  effective  than  attempts  to  heat  small  spherical 
droplets  directly. 

Because  of  the  large  ratio  of  surface  area  to  volume  for  small  droplets,  this 
direct  method  of  volumetric  heating  cannot  significantly  raise  the  interior 
temperature  of  individual  droplets  if  a  frequency  of  2.45  GHz  is  used.  In  effect, 
the  thermal  conduction  through  the  droplet  surface  to  the  surrounding  gas  can 
remove  the  energy  deposited  volumctrically  by  the  microwave  field  nearly  as  fast  as 
it  is  deposited.  This  limitation  holds  up  to  and  including  applied  microwave  electric 
fields  as  high  as  breakdown  in  air,  approximately  1  MV/m  at  2.45  GHz. 

One  can  respond  to  this  constrast  in  behavior  between  droplets  and 
filaments  in  two  ways.  First,  because  water  solutions  are  polar,  exhibiting  Debye¬ 
like  relaxation,  increasing  the  applied  microwave  frequency  will  make  the  process 
of  coupling  to  individual  small  droplets  more  efficient.  This  improvement  results 
from  both  the  increase  in  frequency  (which  drives  the  rclaxation/dissipation  cycle 
faster)  and  the  two  relaxation-coupled  changes  in  the  relative  dielectric  constants. 
With  increasing  microwave  frequency,  the  relative  real  part,  k',  decreases,  allowing 
better  penetration  of  the  applied  microwave  electric  field,  while  the  relative 
imaginary  part,  k”,  increases,  resulting  in  more  volumetric  dissipation  in  the 
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droplet  Second,  the  relatively  strong  coupling  to  oriented  fibers  and  filaments, 
even  at  2.45  GHz,  provides  new  and  novel  processing  opportunities  which  can  be 
exploited  at  the  more  conventional  processing  frequencies  now  authorized  for  use. 
These  two  points  are  discussed  briefly  in  the  following  sections. 

MTCROWAVE-DROPLET  INFRACTIONS 

We  have  developed  a  preliminary  numerical  model  of  the  evaporation  and 
condensation  of  sph^cal  droplets  by  sequentially  solving  and  propagating  in  time 
the  equations  of  heat  conduction  and  mass  transport  at  tiie  droplet  surface.  This 
numerical  simulation  has  been  used  to  provide  a  qualitative  understanding  of  the 
behavior  of  small  droplets  and  to  provide  numerical  scaling  of  heating  effects  at 
higher  microwave  frequencies. 

Tlie  first-order  differential  equations* describing  heat  balance  in  the 
droplet  and  mass  transpon  were  used  directly.  Because  the  internally-heated 
droplet  is  not  at  equilibrium,  no  subsidiary  equilibrium  conditions  are  invoked.  It  is 
assumed  that  mass  transport  is  driven  by  the  difference  in  saturated  vapor  pressure 
at  the  droplet  surface  and  the  partial  pressure  of  the  vapor  in  the  gas^.  The  latent 
heat  of  vaporization  is  used  to  compute,  for  each  time  step,  the  thermal  loss  due  to 
evaporation,  which  is  then  added  to  the  energy  inputs  from  microwave  losses  and 
conductivity  across  the  droplet  boundary  from  the  gas.  The  temperature 
dependences  of  k'  and  k"^,  the  latent  heat^,  the  saturated  vapor  pressure  of  water^, 
and  the  thermal  diffusion  and  mass  transport  constants^  were  included  in  the 
computation.  Higher-order  contributions  due  to  radial  flow,  2nd-order  conductivity 
corrections,  surface  tension,  or  relative  velocity  between  droplet  and  gas  were 
neglected,  in  the  spirit  of  investigating  the  main  effect  of  volumetrically  depositing 
significant  thermal  energy  within  small  droplets  which  are  at  rest  in  the  ambient  gas. 
In  any  case,  these  several  corrections  make  only  a  few  percent  difference  in  the 
results*,  and  can  readily  be  included  in  the  computations.  The  numerical  results, 
displayed  graphically,  reproduce  both  evaporation  and  condensation  phenomena  (in 
the  absence  of  an  applied  microwave  electric  field)  in  nominal  agreement  with 
published  data,  including  the  so-called  b^-law  (mass  loss/gain  proportional  to 
surface  area)*  known  to  be  applicable  to  droplets  larger  than  -lOOpm  dia. 
Significant  deviations  from  this  surface-area  proportional  evaporation  rate  are 
obtained  at  smaller  diameters,  in  agreement  with  observations. 

Introducing  the  volumetric  energy  deposition  driven  by  an  applied  2.45 
GHz  microwave  electric  field  produces  the  following  qualitative  changes  in 
modeled  droplet  behavior.  1)  For  larger  diameters,  the  initial  evaporation  rate  is 
greatly  increased,  greatly  decreasing  the  total  time  to  evaporation,  as  a  consequence 
of  the  initial  elevated  droplet  temperature  allowed  by  a  large  volume/surface  ratio. 
2)  As  droplet  diameter  rapidly  decreases  under  external  heating,  below  ~  50}.un  dia. 
the  volumetric  heating  becomes  progressively  ineffective  compared  to  conduction 
loss  to  the  gas,  allowing  the  internal  temperature  of  the  droplet  to  rapidly  approach 
the  dew  point  in  the  carrier  gas,  effectively  slowing  evaporation.  If  one  starts  with 
small  droplets  (say,  smaller  than  -SOpm  dia.),  as  would  be  used  in  the  production 
of  nanoparticulates,  the  microwave  heating  is  essentially  ineffective  at  2.45  GHz. 
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Figure  4  compares  the  evolution  in  time  of  droplet  temperature  and  radius  for  a 
4(}jxm  dia.  droplet  with  and  without  microwave  heating. 

As  expected,  increasing  the  applied  microwave  frequency,  to  take  advantage 
of  the  more  favorable  dielectric  parameters,  makes  a  dranudc  improvement  in  the 
calculated  evaporation  rates  of  very  small  droplets.  Our  confutations  indicate  that 
it  is  possible  to  effectively  heat  and  evaporate  quite  small  droplets  at  frequencies  of 


Figure  4.  Droplet  size  and  temperature  evolution  with  and  without 
microwave  heating  (2.45  GHz,  750, (XX)  V/m),  for  an  initial  diameter  40pm  at  rest 
in  27°C  nitrogen  having  a  dew  point  of  -20C. 

10  GHz  and  above,  at  microwave  electric  fields  substantially  below  breakdown  in 
air. 


MICROWAVE-FILAMENT  INTERACTIONS 

Because  the  internal  microwave  electric  field  in  a  long,  thin  cylindrical 
dielectric  oriented  parallel  to  an  applied  field  is  equal  to  the  applied  field,  microwave 
heating  rates  can  be  achieved  which  are  very  much  larger  than  in  droplets.  As 
indicated  above,  for  water  at  27°  C  the  heating  rate  is  -  750x  higher  in  filaments 
than  in  droplets.  This  overwhelming  increase  in  energy  deposition,  verified  in  our 
experiments  on  heating  a  cylindrical  stream  of  water,  makes  possible  a  wide  range 
of  processing  capabilities  for  fibrous  and  filamentary  material,  provided  the 
orientation  in  the  material  can  be  maintained  parallel  to  an  applied  microwave  field 
during  the  processing  stages. 

DIELECTRIC  CONSTANT  MEASUREMENTS 

The  design  of  a  microwave  apparatus  suitable  for  efficient  drying  of  small 
droplets  requires  an  understanding  of  the  dielectric  constants  and  cavity  interaction 
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parameters  of  typical  solutions  of  mixed  oxides  or  nitrates  at  higher  microwave 
frequency.  We  expect  to  demonstrate  that  the  measured  tmcrowave  interaction  with 
droplets  of  such  solutions  can  be  well  understood  from  published  data  and  our  own 
measurements.  Because  the  major  loss  mechanism  in  our  solutions  is  due  to 
Debye-like  relaxation  of  the  water  molecules,  only  a  weak  dependence  on  solution 
ionic  conductivity  is  expected.  A  first  step  is  to  make  comparative  measurements 
using  both  coherent  droplet  streams  and  unconstrained  cylindrical  fluid  flows  of 
water  and  weak  oxide  or  nitrate  solutions.  We  are  presently  making  these 
measurements,  by  means  of  cavity  perturbation  techniques,  at  10  GHz  and  at  20 
GHz.  Because  spherical  droplets  couple  so  weakly  to  an  applied  electric  field,  the 
use  of  coherent  droplet  streams  in  such  measurements  may  provide  a  convenient 
way  to  obtain  the  dielectric  parameters  of  lossy  fluids  at  high  microwave 
frequencies,  where  such  measurements  are  quite  difficult  to  make  reliably. 

CONCLUSIONS 

Two  conclusions  result  from  this  study.  First,  because  of  the  unfavorable 
dielectric  properties  of  water  in  conjunction  with  spherical  geometry,  coupling  of 
2.45  GHz  microwave  power  to  micron-sized  aqueous  droplets  becomes  comparable 
to  the  rate  at  which  thermal  energy  is  conducted  to  the  surroundings,  even  for 
microwave  electric  fields  approaching  breakdown.  Second,  because  of  the  much 
more  favorable  geometry,  cylindrical  aqueous  streams  are  easily  heated  to 
evaporation  with  more  modest  microwave  electric  fields.  Thus  rapid  microwave 
drying  of  aqueous  sprays  at  2.45  GHz  may  be  difficult  to  achieve,  while  processing 
of  filament^  aqueous  materials  should  be  very  easy.  Because  of  a  favorable  shift 
in  dielectric  properties,  both  processes  would  be  more  effective  at  higher 
frequencies. 
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ABSTRACT 

Solid  state  reaction  studies  were  conducted  on  a  zinc  oxide-alumii»  system.  Previous  studies 
indicate  the  reaction  kinetics  of  this  system  are  diffusion  controlled.  Powder  mixtures  of  similar 
particle  sizes  of  reactants  do  not  satisfy  kinetic  models  either  by  conventional  or  microwave 
heating.  With  larger  particle  sizes  of  alumina,  where  reaction  is  limited  by  diffusion  of  zinc 
oxide  through  the  product  layer,  microwa\'e  heating  appears  to  enhance  the  reaction  rate.  An 
increase  in  compaction  pressure  results  in  an  increase  in  the  amount  of  product  formed  by 
conventional  heating  but  shows  a  decrease  m  product  formation  with  miaowave  heating. 

INTRODUCTION 

Microwave  processing  of  ceramics  appears  to  be  an  attractive  alternative  to  conventional 
procesang.  The  emphasis  has  been  mainly  in  sintering  of  numerous  ceramics  and  composites 
[1],  The  reduction  m  procesang  time  and  temperature  indicate  higher  sintering  rates  which  are 
believed  to  be  because  of  higher  diffusion  rates  induced  by  the  microwave  field  [2], 

Although  calcination  and  reactions  between  solids  are  important  in  ceramic  processing  only  a 
few  references,  using  microwave  energy,  are  available  in  the  literature  [3,4].  Solid  state 
reactions  are  usually  carried  out  by  intunately  mixing  fme  ceramic  powders  and  subjecting  them 
to  high  temperatures.  Under  isothermal  conditions,  the  rate  of  formation  of  the  product  may 
depend  on  the  rate  of  diffusion  [5].  Solid  state  reactions  have  also  been  studied  by  forming 
difl^on  couples  of  polycrystalline  as  well  as  single  crystal  ceramics  [6].  This  investigation 
concerns  the  soUd  state  reaction  between  zinc  oxide  and  aluminum  oxide  powders  to  form  zme 
aluminate  spinel  (the  product). 

The  reaction  of  ZnO  and  A^O^  forming  a  stable  compound,  ZnA4Qi,is  an  interesting  system 
and  has  been  used  extensively  for  the  solid  state  reactions  studies  [6-11].  This  reaction  occurs 
at  moderately  high  temperatures  (SOCT  C  and  higher).  It  has  b^n  demonstrated  that  the 
reaction  b  diffusion  controlled  and  it  proceeds  only  on  the  alumina  particle  by  one-way  transfer 
of  zinc  oxide  through  the  product  layer  (7-lOj.  Zinc  oxide  vaporizes  at  higher  temperatures 
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[12],  so  the  reaction  may  be  contemplated  to  proceed  by  the  simultaneous  action  of  solid  state 
and  evaporation-condensation  mechanisms  [9].  However,  the  vaporization  of  ZjdO  may  not  be 
considered  as  the  rate  controlling  step  m  the  formation  of  ZnA^Q,  [11]. 


Since  the  above  reaction  is  diffusion  controlled,  if  microwave  heating  results  in  enhanced 
diffusion,  it  should  alter  the  reaction  rates  as  well  The  objective  of  this  study  was  to  observe 
whether  microwave  heating  enhances  the  reaction  of  zinc  oxide  and  alumina. 

MATERIALS  AND  METHODS 

High  purity  (>99.9%)  alumina  powders* **  were  used  in  this  study.  These  powders  have  mean 
particle  sizes  of  0.18|i  m,  0.4|t  m  and  0.68p  m,  respectively.  Chemically  pure  (99.9%)  laboratory 
grade  ^c  oxide  ^  used  had  an  average  particle  size  of  02pm. 

Equimolar  mixtures  of  alumina  and  zinc  oxide  were  prepared  by  wet  mixing  in  deionized  water 
for  30  minutes.  Small  zirconia  milling  media  was  used  to  ensure  proper  mixing  of  the  powders. 
The  mixture  was  then  dried  in  a  conventional  furnace  The  powder  mixture  was  weighed  in 
a  fused  quartz  crucible  and  placed  either  in  the  microwave  oven  or  the  conventional  furnace 
for  reacting  isothermally  in  the  temperature  range  of  600  •  llOCT  C.  Specimens  wciglung  4 
grams  were  pressed  ^  to  pressures  ranging  from  2000  psi  to  8000  psi  to  see  the  effect  of 
compaction  on  the  solid  state  reaction  of  zinc  oxide  and  alumina. 

For  conventional  heating  of  the  spedmens  the  furnace  was  preheated  to  the  desired 
temperature  and  the  reactant  mixture  was  placed  m  the  furnace.  At  the  end  of  the  reaction 
period,  samples  were  removed  from  the  furnace  and  allowed  to  cool  m  air.  In  case  of  the 
pressed  samples,  the  sample  was  placed  on  another  similar  pre-ssed  sample  of  the  same 
composition  to  avoid  any  contamination  on  the  base  of  the  sample. 

Microwave  heating  was  carried  out  in  an  industrial  microwave  oven '  operating  at  2.45  GHz 
capable  of  delivering  a  maximum  power  of  6.4  KW.  However,  only  1.6  XW  were  used  for  these 
experiments.  Temperature  was  monitored  with  a  thermocouple  and  controlled’  by  pulsing  the 
output  power.  Since  alumina  and  zinc  oxide  do  not  couple  very  well  at  room  temperature,  a 
susceptor  was  used  to  assist  the  powder  mixture  to  attain  Ugher  temperatures,  where  it  couples 
enidently  with  microwave  energy.  With  the  susceptor  around  the  sample  one  gets  uniform 


*  AKP-SO,  AKP-30,  AKP-15,  Sumitomo  Chemical  Company,  Ltd. 

^  Aldrich  Chemical  Company. 

*  Blue  M  Stabil-Thenn. 

**  Carver  Laboratory  Press. 

*  Raytheon  Radarline  Microwave  Cven  Model  QMP  2101A-6. 

'  Inconel  shielded  K-type  thermocouple  and  Process  Controller  Series  CN8600  Grom 
Omega. 
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heating  with  almost  no  temperature  gradient  within  the  sample.  This  has  been  established  in 
our  laboratory  on  ultra-rapid  sintering  of  alumina,  with  s^iat  we  refer  to  as,  microwave  hybrid 
heating  [13,14], 

Quantitath'e  x-ray  analysis  ’  was  used  to  ascertain  the  extent  of  reaction  by  determining  the 
amount  of  spinel  formed.  A  unified  matrix-flushing  method  for  quantitative  multicomponent 
analysis  reported  by  Frank  H.  Chung  [15-18]  was  used.  In  this  method  the  calibration  curve 
proi^ure  is  shunted  and  ail  components  can  be  determined.  The  weight  fraction  of  any 
component  in  a  multicomponent  system  is  expressed  in  terms  of  the  intensity  ratios  and 
k-ratios  (If;/!^  =  ^/^).  Ihe  use  of  the  intensity  ratio  makes  it  immune  to  many  sources  of 
errors  [15].  This  method  was  verified  to  give  experimental  values  within  2  percent  of  the 
synthesized  values.  The  intensities  of  the  002  pl^e,  104  plane  and  311  plaiies  were  used, 
respectively,  for  zinc  oride,  aluminum  oxide  and  rinc  aluminate  spinel 

RESULTS  AND  DISCUSSION 

Homogeneous  mixtures  of  zinc  oxide  and  aluminum  oxide  were  heated  either  in  the  microwave 
oven  or  the  conventional  furnace  for  reaction  in  the  temperatiue  range  of  60(7  C-llCCT  C.  No 
zinc  aluminate  (spinel)  formation  was  observed  below  8(X7  C,  which  is  in  agreement  with  the 
results  reported  in  the  literature  [7,8].  Hence,  in  most  of  the  cases  only  the  results  for 
temperatures  80(7  C  and  above  are  presented. 

Since  this  reaction  is  reported  to  be  diffusion  controlled,  an  attempt  has  been  made  to  try  to 
fit  the  data  obtained  to  the  diffusion  controlled  Valensi-Cartcr  model  [7]  given  by 

K^t  -  {A-[l  +  (A-l)xP  -  (A-l)(l-x)f'«}/(A-l)  =  f(x)  (1) 

where  x  is  the  extent  of  reaction  and  A  is  the  change  in  volume  between  reaaants  and  product. 
If  f(x)  is  plotted  against  the  time  t,  a  straight  lice  of  slope  should  be  obtained  which  defines 
the  reaction  rate  constant.  In  order  for  the  model  to  hold  the  straight  line  should  pass  through 
the  origin. 

Microwave  Heated  Samples 

The  data  obtained  by  heating  the  mixture  of  alumina  (AKP-50,  average  particle  size  0.18  |i  m) 
and  zinc  oxide  (average  particle  size  03  p  m)  in  the  microwave  oven  are  shown  in  Figure  1. 
They  show  the  weight  percent  spinel  formed  versus  reaction  time  for  temperatures  ranging  from 
800  -  11(X7C.  Figure  2  shows  an  attempt  to  fit  the  data  to  Valensi-Carter  model  For 
temperatures  of  SOO,  850  and  90(7  C  the  straight  lines  pass  through  the  origin  indicating  that 
for  these  temperatures  the  data  satisfies  the  diffusion  controlled  Valensi-Caiter  model 
However,  above  90(7  C  straight  lines  are  obtained  with  almiKt  the  same  slope  with  increasing 
temperatures  and  do  not  pass  through  the  ori^.  This  indxates  that  at  these  temperatures 
either  the  reaction  is  not  diffusion  controlled  or  the  model  does  not  hold  for  reaction  with 
miaowave  heating.  Since  it  has  been  shown  that  this  moccl  is  valid  [7]  for  conventional 


*  Philips  Automated  Powder  Diffractometer  System  Model  APD-3720. 
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tiMfing,  one  inig}it  mshfuUy  think  that  reactions  in  the  microwave  heatiiig  are  not  limited  by 
difiusion. 


0  15  30  45  60  75 


REACTION  Tlly.£  IN  MINUTES 

Figure  1.  Microwave  heating  of  the 
mixture  of  alumina  AKP-50  and  zinc  oxide 
at  different  temperatures.  The  spinel 
formation  vnth  increasing  heating  time  is 
shown  for  each  temperature. 


REACTION  TIME  IN  MINUTES 

Figure  2.  Microwave  heating  of  mixture  of 
alumina  and  zinc  oxide.  Attempt  to  fit  the 
experimental  data  to  Valcnsi-Cartcr 
model. 


Conventionally  Heated  Samples 

Since  tlus  reaction  by  conventional  heating  should  satisfy  the  Valensi-Carter  model  [7],  it 
seemed  essential  to  repeat  the  reactions  of  the  same  pov.'ders  by  ccnvcntional  heating.  Figirre 
3  shows  the  weight  percent  of  spmel  formed  as  a  ftmetion  of  reaction  time  for  various 
temperatures.  The  data  for  conventional  heating  used  iu  Valensi-Carter  mode!  is  shovm  in 
Figure  4. 

Comparison  and  Discussion 

In  the  case  of  conventional  heating  of  the  mixtures,  the  spinel  formation  data  does  not  satisfy 
the  Valensi-Carter  model  for  temperatures  above  900*  C,  but  certainly  differs  from  that  for 
microwave  heating.  The  straight  lines  for  the  lOOGT  C  and  llOCf  C  appear  to  pass  through  a 
common  point  on  the  y-ans,  which  is  not  observed  in  the  microwave  heating  case. 

For  temperatures  up  to  90Cr  C,  reactions  both  in  microwave  heating  and  conventional  heating 
appear  to  be  diffusion  controlled.  Above  90Cr  C  there  is  a  abrupt  increase  in  reaction  until  the 
first  data  point  at  IS  minutes  and  then  the  reaction  rate  deacase  for  the  subsequent  times. 
This  can  be  understood  by  the  fact  that  zinc  oxide  vaporizes  at  higher  temperatures  [12].  Below 
90Gr  C  the  reaction  ptocceds  because  of  the  contacts  of  the  powder  particles  of  zinc  oxide  and 
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alumina.  The  zinc  oxide  has  to  diffuse  through  the  spinel  formed  at  the  points  of  contact  to 
allow  further  reaction  and  the  process  Ls  therefore,  diffusion  controlled.  As  the  temperature 


Figure  3.  Conventional  heating  of  the 
mixture  of  alumina  AKP-50  and  zinc  oxide 
at  different  temperatures.  The  spinel 
formation  with  increasing  heating  time  is 
shown  for  each  temperature. 


Figure  4.  Conventional  heating  of  mixture 
of  alumina  and  zinc  oxide.  Attempt  to  fit 
the  experimental  data  to  Valensi-Carler 
model. 


is  inaeased  the  zinc  oride  vaporizes  and  condenses  on  the  alumina  particles.  This  increases 
the  interface  area  between  the  alumina  powder  particles  and  the  zinc  oxide  vapors  and  results 
in  much  higher  zinc  aluminate  spinel  formation  at  the  early  stage  of  the  reaction.  As  the 
reaction  proceeds  the  reaction  rate  appears  to  slow  down.  change  in  mechanism  possibly 
explains  the  abrupt  increase  in  reaction  above  90CP  C 


Although  there  are  differences  in  reaction  rate  data  for  the  conventional  and  microwave  heating 
cases,  the  main  concern  is  that  even  the  conventionally  heating  of  mixtures  does  not  .satisfy  the 
diffusion  controlled  models.  This  can  be  explained  in  terms  of  'coefficient  of  surrounding” 
which  is  defined  as  the  fraction  of  the  solid  a^e  occupied  by  the  small  particle  on  the  larger 
particle.  If  the  ratio  of  the  dimensions  of  the  smaller  particle  to  that  of  the  larger  particle 
Very  Small  the  coefrident  of  surrounding  has  a  maximum  value,  that  is,  larger 
partides  are  properly  covered  by  smaller  particles  and  in  such  cases  the  conventional  kinetic 
models  can  applied.  When  the  ratio  <!,:,»« larger  the  geometric  factors  are  more 
important  and  modeb  of  kinetic  powder  reactions  should  t  ike  them  into  account  In  ceramics, 
solid  state  reactions  are  usually  carried  out  by  using  fine  powders  in  order  to  profit  from  their 
higher  reactivity.  Nevertheless,  care  mast  be  taken  in  using  fine  powders  of  similar  grain  size 
in  which  reaction  rapidly  concentrates  the  product  formed  un  portions  of  the  host  grain  leading 
to  difficulties  m  obtaining  complete  reaction  [9,10]. 
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The  powders  used  so  far  had  the  average  particle  size  of  O.lS^m  for  alumijaa  and  OJjim  for 
zinc  oxide  thus  giving  a  large  value  of  d|^  /^^^atio,  where  obviously  the  conventional  kinetic 
models  are  going  to  have  problems. 

I 

Effect  of  the  Particle  Size  on  the  Reaction  Rate 

Having  seen  the  limitation  of  the  smaller  and  similar  particle  size,  the  next  step  was  to  see  how 
the  larger  particle  size  would  affect  the  reaction  rate.  The  larger  particle  size  of  alumina  were 
AKP-30  (average  particle- size  of  O.^m)  and  AKP-15  (average  particle  size  of  0.68|rm). 
Ramachandran  [8]  reports  that  the  percent  spmel  formed  inaeases  with  the  decrease  in  particle 
size  of  aluminum  oxide.  However,  the  particle  size  of  alumina  used  was  much  larger,  that  is 
84  pm  as  compared  to  2  pm  for  zinc  oxide.  Figure  S  shows  our  results  for  30  minutes  of 
microwave  and  conventional  heating  of  the  mixture.  At  90Cr  C,  the  spinel  formation  decreases 
for  both  microwave  and  conventional  heating,  as  the  particle  size  increases.  This  can  be 
understood  in  terms  of  the  decrease  in  surface  area  and  the  contact  of  particles  of  zinc  oxide 
and  alumina.  At  100(7  C,  the  spinel  formed  by  conventional  heating  appears  to  increase  shghtly 
with  the  increase  m  the  particle  size.  It  is  especially  interesting  to  note  that  althou^  the  spinel 
formation  with  miaowave  heating  was  comparable  or  less  for  the  smallest  particle  size,  as  the 
particle  uze  increases  the  weight  percent  spinel  formed  increases  significantly  and  exceeds  the 
values  for  conventional  heating.  The  reaction  reached  compledon  vnth  larger  particle  size  of 
alumina  (AKP-15),  by  both  microwave  (30  minutes  of  heating  at  KXXT  C)  and  conventional 
heating  (30  minutes  at  110(7  C,  not  shown).  However,  with  smaller  particle  size  of  alumina 
(AKP-50)  the  reaction  did  not  reach  completion  even  after  60  minutes  of  microwave  (Fgure 
1)  and  conventional  heating  (Figure  3)  at  110(7  C.  The  inaease  in  the  spinel  formation  with 
increase  m  particle  size  for  both  the  conventional  and  microwave  heating  can  be  understood 
by  the  above  mentioned  reasons  [9].  The  higher  values  of  spinel  formation  with  microwave 
heating  of  larger  particle  sizes  of  alumina  suggest  that  microwave  heating  is  more  efficient  than 
conventional  heating  for  the  conversion  of  the  reactants  into  spinel.  When  the  particle  size 
becomes  large  enough  so  that  the  reaction  is  limited  by  diffusion  of  ^c  oxide  through  the 
product  layer,  miaowave  heating  is  beneficial  and  this  can  most  likely  be  accounted  for  on  the 
basis  of  enhanced  diffusion  with  microwave  heating.  To  confirm  this,  the  experiment  was 
repeated  a  number  (five)  of  times  and  the  values  were  averaged  (error  bars  in  Figure  5)  only 
for  the  largest  particle  size.  This  observation  was  further  verified  with  polycrystalline  and  single 
crystal  alumina  heated  in  zme  oxide.  The  miaowave  heated  specimens  showed  larger 
penetratioa  depth  of  zinc  as  compared  to  conventional  heating.  These  results  will  be  presented 
lata  in  a  separate  paper. 

Effea  of  compaction  pressure  on  reaction  rate 

It  has  been  reported  [8]  that  the  percent  conversion  of  the  reaaants  to  spinel  inaeases  with  the 
increase  m  compaction  pressure.  This  trend  is  obseived  in  the  conventional  heating  of  alumina 
AKP-15  and  zinc  oidde,  as  shown  is  Figure  6.  However,  the  tread  is  exactly  the  opposite  for 
microwave  heating.  The  weight  percent  spinel  formed  decreases  as  the  compaction  pressure 
increases.  This  result  seems  rather  unusual  for  someone  used  to  thinking  in  terms  of  the 
;  phenomenon  occurring  in  conventional  heatmg.  But  miaowave  heating,  unlike  conventional 

:  I  heating,  is  dependent  on  various  miaostructural  properties  including  the  initia]  porosity  of  the 

’  1  sample.  A  somewhat  analogous  result  has  been  reported  by  Varadan  (19]  where  the  rate  of 
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microwave  heating  of  strontium  titanate  and  alumina  decrease  as  the  imtial  porosity  decreases. 


AVeitAGE  ALUMINA  PARTICLE  SIZE  (MICRONS) 

Figure  S.  Weight  percent  zinc  aluminate 
spinel  formation  as  function  of  particle  size 
of  alumma  at  900*C  and  1000°C  for  30 
minutes  of  conventional  and  microwave 
heating. 


density  (*  TH) 


FORMING  PRESSURE  (KPSI) 


Figure  6.  Weight  percent  spinel  formation 
as  a  function  of  compaction  pressure  for 
lx.th  conventional  and  microwave  heating 
at  1000°C  for  30  minutes. 


CONCLUSIONS 


The  reactions  between  fme  powders  of  similar  particle  sizes  of  aluminum  oxide  and  zinc  oxide 
do  not  satisfy  the  Valensi-Carter  kinetic  model  by  conventional  or  miaowavc  heating.  Smaller 
particle  sizes  of  both  reactants  may  sot  always  be  beneficial  m  acheiving  rapid  or  complete 
reactions.  With  larger  particle  sizes  of  alumina  where  reaction  is  limited  by  di^usion  of  zinc 
oxide  through  the  product  layer,  miaowavc  heating  apparently  forms  more  product.  The 
increase  in  reaction  rates  suggests  the  enhanced  diffusion  with  microwave  heating. 
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ABSTRACT 

Direct  and  indirect  microwave  processing  of  bulk  and  thick  film  type 
sensors  has  a  rignificant  infiuence  on  performance,  such  as  sensitivity 
and  noise  level,  in  flux  modulated  magnetometer  devices,  developed  in 
our  laboratory.  Microwave  processing  ^ects  the  material  structures  and 
thus  device  characteristics.  Our  present  restilts  represent  the  first  steps 
in  attempts  to  configure  resistors,  capacitors  and  sensors  into  a  complete 
functional  circuit  by  one  processing  means. 

INTRODUCTION 

The  generation  of  high  quality  thick  films  from  high  temperature  super¬ 
conductors  holds  promise  for  high  volume  triplications  in  magnetic  coils, 
power  transmission  Hnes,  high  field  magnets,  passive  microwave  devices, 
magnetic  shielding,  interconnects  and  perhaps  most  importantly  in  the 
new  multichip  hybrid  microelectronic  circuits  and  sensors  which  are  in¬ 
tended  to  be  operated  at  high  power  levels  and  at  frequencies  in  the 
GHz  range. 
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The  advantages  of  thick  films  include  the  conventional  ones  of  flexibility, 
reliability,  performance  and  cost  effectiveness.  The  ability  to  configure 
resistors,  capacitors  and  other  circuit  elements,  such  as  sensors  and  de¬ 
tectors,  into  a  complete  functionzd  circuit  for  insertion  into  electronic 
control  systems  is  one  of  the  most  desirable  objectives. 

Although  thick  films  can  and  have  been  made  by  a  variety  of  techniques 
[1-3]  such  as  plasma  spraying,  doctor  blading  and  various  spinning,  dip- 
pring  and  spraying  methods,  our  efforts  have  exclusively  involved  the 
alk  screening  process.  It  is  felt  that,  particularly  in  the  case  of  elec¬ 
tronic  and  microelectronic  applications,  such  parameters  as  thickness, 
line  width  and  via  control,  cem  be  held  with  greater  accuracy  than  with 
any  other  method. 

PARAMETERS  RELEVANT  TO  MW  PROCESSING 

In  spite  of  the  fact  that  Y Ba^  Cus  O7  has  been  found  to  couple  reason¬ 
ably  well  with  2450  MHz  microwaves  [4,5]  and  that  most  of  the  present 
substrate  materials  do  not,  at  least  at  lower  temperatures,  is  not  suf¬ 
ficient  knowledge  for  the  efficient  processing  of  intricate  microcircuitry. 
A  brief  overview  of  the'  significant  aspects  and  parsuneters  follows. 
Electromagnetic  theory,  as  applied  to  dielectric  materials  [6],  defines  the 
complex  dielectric  permittivity  as 

€*=e'-jV'  =  eo(£'  -je")  (1) 

where,  «o  =  permittivity  of  free  space  (8.86  x  10~”  F/fn), 
ei  =  relative  dielectric  constant  of  the  material, 
e”  =  relative  loss  factor 

A  variety  of  polarization  mechanisms  -  dipolar,  electronic,  atomic  and 
Maxwell-Wagner  -  pve  rise  to  and  determine  the  value  of  the  dielectric 
constant  and  loss  factor  for  imy  one  material.  Both  parameters  behave 
as  a  function  of  frequency  and  temperature.  The  absorbed  power  of  the 
microwave  energy  which  is  a  measure  of  how  well  the  heating  process 
will  proceed,  is  given  by. 


P  =  (2) 

where  w=  radian  frequency  and  Ei  the  internal  electric  field.  and  ej! 
are  the  primary  variables  of  interest. 

Applying  the  commonly  used  term  loss  tangent,  tan  6,  defined  as 

e" 

tan  6  =  —  (3) 

yields  loss  factor  =  loss  tangent  x  dielectric  constant.  We  can  define 
the  absorbed  power  as 

P  =  wcrCo  tan  (4) 
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It  will  be  noted  that  an  increztse  by  a  factor  of  two  in  the  internal  field 
strength  quadruples  the  power  absorbed.  Efficient  microwave  heating 
thus  requires  a  high  loss  tangent  or  a  high  loss  &ctor. 

To  be  efficient,  the  microwaves  must  penetrate  the  material.  The  pene¬ 
tration  depth  D,  at  which  fields  are  reduced  by  a  &ctor  of  1/e,  can  be 
expressed  as, 

--  -  ,  °  (5) 

y/eJTvv^  +  tan^  i  —  1 

which  for  tan  ^  <  1,  i.e.,  low  loss  materials  reduces  to, 


D  — 


0.318A 

y/e^i&nS 


(6) 


A  very  important  parameter  in  the  power  expression  is  that  of  the  in¬ 
ternal  field,  Ei.  It  relates  to  the  external  field  as, 

\Ei  /  Eo\  =  weo /<T  (7) 

where  <r  =  conductivity  so  that  if  ff  »  wco  (at  lower  firequencics)  we 
may,  in  spite  of  higher  penetration,  have  Ei  Eo,  and  thus  inefficient 
heating. 

THICK  FILM  SUPERCONDUCTOR  SENSORS 


The  non-linear  response  of  a  superconducting  thick  film  to  an  alternating 
magnetic  field,  can  be  used  to  measure  an  external  dc  field  with  great 
sensitivity  in  the  nano-tesla  range.  We  have  reported  the  initial  device 
details  elsewhere  (7).  in  principle  the  ac  field  can  be  applied  through 
an  excitation  coil  or  by  direct  current  injection  into  the  sensor.  A  pick 
up  coil  and  ancillary  electronics  measure  the  second  harmonic  of  the 
excitation  frequency  as  the  dc  field  related  signal. 

We  have  developed  these  sensors  from  the  earlier  reported  bulk  type 
YBajCu^Oy  sensors  [8j,  into  co-deposited  multilayer  thick  film  devices, 
incorporating  the  sensing  element,  excitation  means,  pick-up  coil  and 
contact  pads  onto  a  single  substrate.  The  ability  to  process,  oxidize 
and  package  such  devices  in  one  manufacturing  operation  would  clearly 
be  advantageous.  It  is  from  this  and  other  aspects,  that  appropriate 
microwave  processing  is  seen  to  be  of  benefit. 

In  contrast  to  the  extended  period  of  time  required  for  sintering  and  den- 
afication  in  resistive  heating,  microwave  heating  takes  place  throughout 
the  entire  sample  volume  and,  in  homogenous  materi  js,  leads  to  sub¬ 
stantially  shortened  processing  times  and  suppression  of  CTain  growth. 
The  latter  point  is  important  from  both  the  mechanicsJ  and  device  phys¬ 
ical  properties  point  of  view.  Furthermore,  shrinkage  is  reduced  and 
sintering  at  lower  temperatures,  preventing  e.g.  liquid  phase  formation. 
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is  possible.  The  latter  pdnt  has  not  yet  been  hilly  substantiated  from 
a  device  development  point  of  view. 

Differences  in  dermal  expansion  at  the  film  substrate  interface,  often 
leads  to  cracking  in  conventional  processing.  This  has  not  occurred  in 
MW  heating  under  the  right  energy  conditions.  Sintering  of  the  active 
material,  at  lower  temperatures  and  without  substrate  heating,  will  sup¬ 
presses  the  reaction  at  the  interface  and  the  in-migration  of  substrate 
dements  into  the  superconductor.  It  is  well  known  that  substitution 
in  YBajCuiCh  is 'detrimental.  In  the  case  of  AljOa,  aluminum  will 
substitute  for  yttrium  and  copper  and  lower  the  temperature  of  transi¬ 
tion.  Shorter  sintering  times  and  lower  temperatures  also  reduced  out- 
diffusion  of  the  superconductor  into  the  substrate  and  into  other  device 
components  and  helps  in  producing  sharp,  non-diffuse,  Hne  detail.  We 
have  started  to  see  the  benefits  of  in-situ  texturing,  grain  boundary 
modification  and  the  advantages  inherent  in  hybrid  heating.  Many  of 
the  advantages  will  come  about  as  MW  processing  is  coupled  with  much 
needed  improvement  in  process  control,  which  is  a  must  for  MW  appli¬ 
cations  in  device  fabrication  as  distinct  from  MW  heating  or  processing 
only. 

STRUCTURE  OF  THICK  FILM  DEVICES 

Our  thick  films  were  screen-printed  on  25  mm  x  25  rnm  AljOs  or  ZrOj 
substrates  from  ternary  metal  oxide  ceramics  powders  of  YBaiCuiOt 
mixed  with  printing  vehicles  and  thinners  as  available  on  a  commercial 
basis.  Two  starting  grain  sizes  l-3^m  and  approximately  35/xm  were 
used  to  make  up  the  inks. 

The  structures  that  resulted  from  the  as-fired  thick  films  at  930  and 
OSO^C  are  shown  in  the  SEM  photomicrographs  of  Figs.  1,  2  and  3. 
At  930°  C  the  film-consists  of  particles  approximately  1.5-3  fim  in  size 
which  have  formed  from  the  sintering  of  1-1.5  fim  grains,  the  morphol¬ 
ogy  of  which  is  still  visible.  The  remnant  structure,  whereas  continuous, 
remains  very  porous.  Necks  have  formed  along  the  contact  regions  and 
particles  have  coalesced,  but  the  structure  is  remniscent  of  the  early 
stages  of  sintering.  The  intergrimular  porosity  b  multi  faceted  with 
contacts  of  five  or  six  grains  quite  conunon.  There  appears  to  be  no  evi¬ 
dence  (up  to  15,000X)  of  liquid  phase  formation  at  the  grsdn  boundaries, 
which  are  essentially  structural.  There  is,  furthermore,  no  intragranu- 
lar  porosity  or  internal  cracking  which  b  quite  common  in  structures 
sintered  at  >  930*C.  There  is  evidence  of  parting  {O.lfxrn  thick)  with 
orientation  roughly  parallel  to  the  surface.  X-ray  diffraction  shows  the 
material  as  monophasic  YBajCuiOj.  There  b  no  evidence  of  the  211 
phase. 

In  contrast,  the  thick  films  sintered  at  980°  C  show  a  denser  structure 
consisting  of  30-40  [im  fused  areas.  FVom  these  areas  grow  lenticular 
particles,  normally  10-20  fim  in  length,  with  aspect  ratios  of  10:1.  This 
morphology  b  characteristic  of  Entering  phenomena  in  the  presence  of  a 
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liqiiid  phase.  These  features  have  also  been  observed  in  our  single  crystal 
growth  experiments,  in  which  aspect  ratios  of  50:1  have  not  been  uncom¬ 
mon.  Cross  granular  cracking  is  abundant.  X-ray  analysis  shows  ample 
evidence  of  the  development  of  the  211  phase  which  is  diaracteristic  of 
sintering  above  the  peritectic  temperature  of  930®  C. 

When  the  980®  C  sintered  material  is  further  processed  through  hybrid 
or  direct  microwave  heating  (2450  MHz)  the  structure  takes  on  the  ap¬ 
pearance  of  stacked  platelets  (Fig.  4)  which  seem  to  have  developed  as  a 
result  of  broadening  of  the  lath  like  particles  in  the  a-b  crystallographic 
plane.  A  more  advanced  stage  of  sintering  has  developed.  The  material 
has  been  textured.  The  structure  is  criss-crossed  by  cracks  which  can  be 
considered  primary.  The  platelets  are  oriented  parallel  to  the  surface, 
perpendiculsir  to  the  slower  growth  C-axis  direction.  The  211  phase  is 
still  present. 

DEVICE  SENSITIVE  PARAMETERS 

The  simal  in  flux  modulated  HTS  sensors  relates  to  the  two  component 
applied  field, 


Ha{t)  =  Hoe  COs(2Tr/t)  -f  Hdc  (8) 

in  which  the  terms  refer  to  the  ac  and  dc  contributions  and  /  is  fre¬ 
quency.  The  signal  will  linearly  depend  on  the  applied  frequency.  The 
total  time  dependent  coil  voltage  depends  not  only  on  the  physical  as¬ 
pects  but  also  on  sensor  device  parameters,  such  as  the  number  of  turns 
in  the  pick-up  coil  (N),  the  total  effective  or  active  sensor  area  (A)  and 
a  constant  ^k)  for  each  design,  reflecting  the  efficiency  with  which  the 
sensor  field  is  coupled  to  the  pick-up  coil, 

Vt  =  kNA{dH^{t)ldt)  (9) 

Numerical  Fourier  analysis  then  shows  that  the  second  harmonic  signal 
can  be  expressed  as, 

V(2/)  2/H.ciVA  (10) 

Thick  film  techniques  can  easily  cope  with  increases  in  the  effective  sen¬ 
sor  area,  if  desired.  The  number  of  turns  in  the  co-deposited  sensing  coil 
will  depend  on  the  line  width  limitations.  HTS  thick  films  have  already 
been  found  to  be  applicable  in  high  frequency  microwave  applications, 
and  are  thus  likely  to  perform  well  in  the  present  technology.  Microwave 
processing  should  aid  in  the  fabrication  of  the  required  high  resolution 
nricrostructures. 
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Fig.  4.  Y BojCuiOf  thick  film  sintered  at  930® C  and  processed  by  mi¬ 
crowave  heating  (2450  MHz)  to  800® C. 
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Fig.  5.  Typical  thick  film  superconducting  magnetometer  response  spec¬ 
trum. 

The  actual  sensor  response  will  critically  depend  on  the  thick  film  mi- 
crostnicture  which  in  turn  is  determined  by  processing.  The  influence 
of  this  microstructural  detail  b  presently  being  investigated.  A  typical 
response  spectnun  for  devices  of  the  type  discussed  here,  is  shown  in 
Rg.  5. 

CONCLUSIONS 

Although  our  microwave  processing  of  thick  film  superconductor  sensors 
and  detector  structures  is  only  in  its  prehminary  experimental  phases, 
some  observations  can  be  made.  Microwaves  do  couple  directly  to  thick 
film  structures  of  Y BajCujOj  in  both  sintering  and  oxygenation  pur¬ 
poses.  Under  the  right  <mergy  conditions  M\V  processing  does  not  lead 
to  sensor  surface  cracking  as  often  observed  in  conventional  heating. 
There  is  little  or  no  reaction  of  the  superconductor  with  the  substrate 
and  a  riiarp  sensor  delineation  without  diffusion  into  the  substrate  is 
maintained.  In  otu  texturing  is  possible.  The  effect  of  this  on  device 
performance  is  yet  to  be  determined. 
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ABSTRACT 

Microwave  energy  has  been  ijsed  in  ion  exchange  reactions  for  four  sodium-aluminosilicate 
compositions.  The  exchangeable  cation  in  the  glass  (Na*)  was  replaced  at  the  surface  by  a  larger 
atomic  radii  cation  (K*).  Secondary  ion  mass  spectroscopy  (SIMS),  electron  microprobe  analysis 
(EMP)  and  x-ray  mapping  were  used  to  evaluate  the  effect  of  microwave  heating  on  the  extent  and 
rate  of  ion  exchange  in  comparison  to  conventional  heating. 

INTRODUCTION 

Glasses  have  been  known  to  man  f  r  thousands  of  years,  and  their  applications  have  gone  from 
rudimentary  purposes  to  top-cf^.e-line  technology.  Today’s  world  has  broadened  the  use  of  oxide 
glasses  in  diverse  and  far-ranging  fields  such  as  telecommunication,  clecuonics  and  aerospace.  The 
intrinsic  brittle  behavior  of  oxide  gla.sses  and  their  catastrophic  failure  have  been  major  drawbacks 
to  their  use  in  applications  which  require  mechanical  strength  and  durability. 

In  general,  brittle  materials  fail  to  exceed  more  than  a  fraction  of  their  theoretical  strength. 
This  characteristic  behavior  has  triggered  extensive  research  aimed  at  developing  higher  strength 
bodies.  The  desired  strength  can  be  achieved  by  various  methods  that  can  be  split  into  two  broad 
categories;  bulk  and  surface  techniques.  The  surface  techniques  aim  at  developing  a  compressive 
stress  distribution  on  the  glass  surface.  The  resulting  strength  becomes  the  original  strength  of  the 
glass  plus  the  strength  added  by  surface  compression.  These  surface  modification  techniques  can 
be  summarized  as  the  following;  thermal  strengthening,  chemical  strengthening,  surface 
crystallization,  thin  coating,  cladding,  etching  and  related  techniques!  1}. 

Strengths  greater  than  those  obtained  by  thermal  toughening  can  be  reached  by  chemical 
strengthening.  However,  any  significant  strengthening  is  unlikely  to  be  achieved  within  times 
compatible  with  the  modem  production  rates[2],  due  to  the  slow  reactions  involved  in  the  ion 
exchange  process.  For  this  reason,  chemical  strengthening  techniques  arc  applied  where  safety 
predominates  over  economics. 
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Within  our  microwave  processing  center  at  the  University  of  Florida,  we  have  been 
investigating  techniques  that  could  enhance  ion  exchange  reactions.  Processes  by  which  deeper 
penetration  of  a  selected  ionic  species  into  a  glass  matrix  can  be  achieved  when  compared  to  the 
conventional  techniques. 

The  present  study  was  undertaken  to  evaluate  the  effect  of  microwave  radiation  on  the  ion 
exchange  reactions  of  K*  for  Na*  in  four  different  compositions  of  sodium  aluminosilicau:  glass. 
For  the  four  chosen  glass  compositions,  we  are  reporung  the  penetration  depth  and  the  relative 
concentration  of  the  alkali  ions  achieved  after  processing.  A  comparison  is  made  of  the  penetration 
depths  accomplished  by  rfiicrowave  processing  and  those  achieved  by  conventional  processing  for 
each  of  the  sodium  aluminosilicate  compositions. 

The  sodium  aluminosilicate  system  was  found  to  be  the  system  of  choice  or  surface 
modification  using  microwave  energy.  Indeed,  this  system  exhibits  major  stru''"  changes 
accompanied  with  significant  dielectric  properties  differences  when  the  ratio  c'  i.  a)  alkali 
ion  is  taken  as  a  variable. 

THEORETICAL  BASIS 

Ion  Exchange  Process 

Ion  exchange  icacticiis  in  oxide  glasses  arc  limited  substantially  to  alkali  ions|31.  Ion 
exchange  is  a  process  by  which  at  least  two  ionic  species  exchange  with  each  other,  as  shown  by 
NaVK*,.,-*Na‘.,+K*,„  (1) 

Where  the  subscripts  represent  gl.ass  ond  molten  salt  solution,  respectively.  The  driving  force  for 
the  reactions  is  a  conccnuaiion  gradient  which  is  the  natural  phenomenon  of  mixing.  A 
constructive  approach  to  this  phenomenon  is  to  partially  replace  an  ionic  species  pre-existing  within 
a  given  glass  matrix  by  another  with  a  larger  radius.  The  exchanged  glass  layer  tries  to  expand. 
It  cannot,  due  to  restraint  from  the  underlying  bulk  glass.  The  surface  is  thus  put  under 
compression. 

The  process  mentioned  above  is  diffusion  controlled.  The  concenuation  of  the  selected  species 
and  its  penetration  depth  are  of  primary  importance  and  are  related  directly  to  the  rate  of  exchange. 
The  objective  was  to  evaluate  the  effect  of  microwave  heating  on  the  extent  and  rate  of  ion 
exchange  in  comparison  to  convcnticnal  heating. 

Microwave  Processing 

It  is  reported  in  the  literature  that  an  array  of  ceramic  products  have  been  heat  ucated  in  the 
presence  of  microwave  radiaiion.  Characterization  of  these  materials  revealed  major 
microsmictural  differences  when  compared  to  those  conventionally  processed.  It  is  our  belief  that 
the  addition  of  activations  other  than  those  of  a  thermal  nauire,  namely  electrical  and  magnetic, 
account  for  the  observed  property  differences. 

Microwave  heating  is  inuinsieally  different  from  conventional  heating.  It  is  a  volumciric 
heating  in  which  the  sample  itself  generates  heat  due  to  the  ability  of  the  electric  and  magneue 
fields  to  polarize  molecules  and  the  inability  of  the  molecules  to  keep  up  with  the  rapid  reversal 
of  the  fields  [4).  The  resulting  dielecuic  losses  account  for  the  volumetnc  heating.  Microwave 
radiation  falls  within  a  range  of  frequencies  at  which  die  orientation  polarization  is  the  predominant 
polarization  mechanism.  There  are  losses  from  the  other  polarization  mechanisms  due  to  the 
extended  tails  of  the  loss  curves  which  arc  different  for  each  given  system. 

In  glasses,  the  ionic  dipole  motions  can  be  split  into  two  categories;  (1)  deformation 
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polarization  in  which  permanent  dipoles  oscillate  under  an  applied  electric  field  and  (2)  defect 
associated  dipoles  which  oscillate  between  several  equilibrium  positions.  The  temperature  of  glass 
plays  an  important  role  because,  at  high  enough  temperatures,  the  conductivity  of  the  glass  is  such 
that  a  discharge  of  the  induced  dipoles  occurs. 

EXPERIMENTAL 

The  selected  compositions  in  the  sodium  aluminosilicate  system  are  shown  in  Table  1.  The 
glasses  that  were  studied  had  aeonstant  concentration  of  alkali  ions  (15mol%  of  NajO).  The  molar 
ratio  of  alumina  to  sodium  oxide,  defined  as  f,  was  taken  as  a  variable  and  was  equal  to  0.2, 0.S, 
1.0  and  1.1. 

The  glasses  were  melted  in  alumina  crucibles  at  ISOOX  for  24  hours  and  annealed  at  600°C 
for  S  hours.  The  alumina  crucibles  were  cut  to  provide  workable  samples.  Care  was  taken  U) 
disregard  the  glass  areas  that  were  in  contact  with  the  crucible  walls.  The  faces  that  were  to  be 
ion  exchanged  were  polished  to  a  I  pm  finish.  The  samples  were  coated  with  a  potassium 
containing  medium'. 

Electron  microprobe  analysis  was  used  to  evaluate  the  penetration  depths  involved  in  the  ion 
exchange  reactions.  The  change  of  x-ray  intensity  of  the  alkali  species  was  found,  by  several 
investigators,  to  be  related  to  time  and  to  be  proportional  u>  the  elecuon  beam  current,  specimen 
temperature  and  bulk  composition  of  the  glass  [S]. 

In  the  present  study,  we  avoided  the  use  of  a  stationary  electron  beam  and  conducted  the 
analysis  using  a  scanning  beam  sweeping  a  lOOpm  by  l.Spm  area.  The  samples  edges  to  be 
analyzed  were  polished  to  a  1pm  finish. 

The  ion  exchange  reactions  were  performed  in  a  multimode  microwave  oven’  (2.4S  GHz) 
using  hybrid  heaung  (6,7).  The  samples  were  placed  in  an  insulating  material  lined  with  a 
microwave  susceptor  which,  in  turn,  heated  the  sample.  The  reactions  temperatures  were  conuolled 
with  an  error  of  ±6’C  using  an  Inconel-shielded  K-type  thermocouple. 


Table  1.  Compositions  of  the  Glasses  Investigated. 


Components 

r=o.2 

r=o.5 

r=i.o 

r=i.i 

NajO 

15.0 

15.0 

15.0 

15.0 

AljOj 

3.0 

7.5 

15.0 

16.5 

SiOj 

82.0 

77.5 

70.0 

68.5 

RESULTS  AND  DLSCUSSION 

The  results  for  the  interdiffusion  of  Na*t->K*  at  4(X)°C  for  30  min  arc  shown  in  Figure  1.  The 


‘  Ceramicoat,  G-C  International  Corp.,  Scottsdale,  A2  85260 


’Radarline  Model  QMP-2101B-6,  Raytheon  Co.,  Waltham,  MA. 
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general  trend  is  an  iitcreasing  potassium  penetration  in  the  different  glass  compositions  as  P 
increases  from  0.2  and  0.5  to  1.0.  As  P  goes  above  1.0,  interdiffusion  appears  to  decrease. 

If  we  define  and  as  the  respective  penetration  depths  of  microwaved  and  conventionally 
prepared  samples,  and  as  the  difference  between  these  penetrations  for  the  (i)  compositions. 
We  found  that  P',  and  all  reach  a  maximum  in  the  P:=1.0  composition. 

Initially,  as  Al^O^  is  introduced  into  a  binary  alkali-silicate  glass,  only  AlO^'  is  formed  |8|. 
As  P  increases,  there  is  more  formation  of  AlOj  along  with  AlO/.  The  ratio  AlOj/AIOj 
decreases  with  further  increase  of  P.  The  AlO^'  concentration  goes  through  a  maximum,  the  point 


0  20  40  EO  80  too  0  10  20  30  40  80 


PENETRATION  DEPTH  IN  MICRONS  PENETRATION  DEPTH  IN  MICRONS 


Figure  1.  Penetration  depih.s(in  pm)  of  potassium  into  the  glass  compositions. 
K-ratios  are  relative  U)  tugtupite  for  sodium  and  biolite  for  potassium. 
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where  the  activation  energy  for  alkali  diffusion  is  at  a  maximum.  With  further  increasing  values 
of  r,  mainly  AlO/  groups  will  be  formed  [9],  and  both  (he  eiccuical  and  stcric  interactions  of  the 
alkali  ion  with  the  glass  network  decrease.  This  is  reflected  by  a  rise  in  the  alkali  ion  diffusion 
coefficients.  Increasing  the  amount  of  alumina  in  the  alkali  silicate  glass  reduces  the  number  of 
oxygens  which  are  only  bound  to  one  network  former,  either  Si**or  AP*.  The  number  of  non¬ 
bridging  oxygen  ions  decreases  to  a  minimum  for  r=1.0  in  which  all  the  alkali  ions  are  positioned 
to  the  negative  charge  of  the  AlO'*  groups  (10).  The  activation  energy  for  diffusion  reaches  a 
minimum  for  r=1.0.  For  compositions  having  r>1.0,  the  alumina  can  no  longer  be  present  only 
as  AIO4  teuahedra  because' of  the  absence  of  compensating  positive  charges.  Thus,  AIO4C, 
uiclusters  groups  will  form.  The  increasing  packing  density  makes  it  more  difficult  for  the  alkali 
ion  to  move  out  of  or  through  the  triclusters.  This  translates  into  a  small  diffusion  coefficient  (10). 
This  trend  of  interdiffusion  is  reu}rted  by  the  conventional  curves  in  Figure  1. 

The  dielectric  properties  of  sodium  aluminosilicate  glasses  at  microwave  frequencies  exhibit 
changes  when  the  compositional  factor,  F,  is  taken  as  a  variable  111).  It  was  found  that  the 
temperature-dependent  losses  were  due  to  the  broad  tail  of  the  migration  loss  mechanisms.  The 
temperature-independent  lo.sses  are  due  to  the  defonnation  losses  and  are  not  associated  with  the 
concentration  of  the  non-bridging  oxygens.  Those  losses  were  auributed  to  resonance  with 
vibrational  modes  involving  large  atomic  grouping. 

The  dielectric  losses  followed  the  suuctural  model  and  were  found  to  increase  with  increasing 
values  of  r  up  to  r=1.0  at  which  the  dielecuic  losses  exhibit  maximum  values.  When  compared 
to  conventionally  heat  treated  samples,  P„'  can  be  correlated  to  the  loss  tangent  of  each  of  the  glass 
compositions  [11]. 

Two  characterization  techniques  were  used  to  verify  the  findings  of  the  electron  microprobe 
analysis.  Figures  2  and  3  correspond  to  x-ray  mapping  and  SIMS  depth  profiling  of  the  r=1.0 
composition  for  microwaved  and  conventionally  processed  samples.  As  shown,  there  were  higher 
surface  concentrations  and  deeper  penetration  of  the  K*  into  the  r=  1.0  glass  composition  that  were 
heat  treated  in  the  presence  of  microwave  radiation. 


Conventional 


Microwave 


Conventional 


Microwave 


Figure  3.  SIMS  depth  profiling  on  r=l.O  composition 


CONCLUSIONS 


h  is  prematute  to  give  definite  reasons  for  the  high  interdiffusion  in  the  case  of  microwave 
heating.  We  believe  that  the  vibrational  frequency  of  an  ion  within  a  potential  well  is  increased 
due  to  the  electric  field  of  the  microwave  radiation.  The  rapid  reversal  of  the  electric  field  might 
increasing  the  local  temperature  of  the  ion,  thus  making  the  ionic  jump  out  of  the  well  easier. 
Mote  work  needs  to  be  done  in  order  to  understand  fully  how  microwave  radiation  affects 
interdifTusion. 

The  ion  exchange  process  using  microwave  energy  provides  a  means  by  which  deeper 
penetration  and  higher  surface  concenuations  can  be  a:biev^,  as  compared  to  conventionally  ion 
exchanged  glass.  The  sodium  aluminosilicate  compesitions  having  r=1.0  exhibited  the  dwpest 
^neuation  of  K*.  as  compared  to  the  compositions  r=0.2,  0.5  and  I.I.  A  correlation  can  be 
drawn  between  the  dielccu-ic  losses  of  the  different  .ornpositions  and  their  corresponding  K* 
depths  of  penetration. 


628 


Microwaves 


ACKNOWLEDGEMENTS 


The  authors  gratefully  acknowledge  support  from  the  Space  Research  InstiUite,Florida  High 
Technology  and  Industry  Cotmcil  (FHTIC)  and  the  Defense  Advanced  Research  Project  Agency 
(DARPA). 

The  authors  acknowledge  W^.  Acrec  and  the  Major  Analytical  Instrumentation  Center 
(MAIQ  at  the  University  of  Florida  for  the  electron  microprobe  analysis. 

Special  acknowledgement  for  H.  Odelius  and  A.  Lodding  in  the  SIMS-laboratory  at  Chalmers 
University  of  Technology  for  Eheir  SIMS  depth  profiling. 


REFERENCES 

1.  Donald,  l.W,  J.  of  Materials  Science,  24  (1989)  41774208. 

2.  Doyle,  PJ.,  Glass  Making  Today,  Portcullis  Press,  Redhill. 

3.  Metaxas,  A.C.  and  Meredith,  RJ.,  Industrial  Microwave  Heating,  Peter 

Peregrinius,  Ltd.  (1983). 

4.  Terai,  R.  and  Hayami,  R.,  J.  of  Non-Cryst.  Solids,  18:217-264  (1975). 

5.  Claric,  D.E.,  Hench,Ll..  and  Acrec,  W.A.,  J.  Am.  Cer.  Soc.,  58:11-12,  Nov-Dee.,  (1975). 

6.  De,  A.S.,  Ahmad,  L,  Whimey,  E.D.  and  Clark,  D.E.,  Effect  of  Green 

Mkrostructure  on  Microwave  Processing  of  Alumina,  Presented  at  the  I4ih  Annual 
Conference  on  Composites  and  Advanced  Ceramics,  January  14-17, 1990,  Cocoa  Beach, 
FL.  Proceedings,  11(9-10]  pp.  1743-1753  (1990). 

7.  Faihi,  Z.,  Ahmad,  1.  and  Clark,  D.E.  Mat.  Res.  Soc.  Symp.  Proc.,  Vol.  180, 401406,  (1990). 

8.  Day,  E.  and  Rindone,  G.E.,  /.  Am.  Cer.  Soc.,  45:579  (1962), 

9.  Day,  E.  and  Rindone,  G.E.,  J.  Am.  Cer.  Soc.,  45:489496  (1962). 

10.  Isard,  J.O.,/.  Soc.  Glass  Tech.,  43,  113T-123T,  (1959). 

11.  Topping,  J.A.,  Isard,  J.O.,  Physics  and  Ch'mistry  of  Glasses,  Vol.  12,  No.  6,  Dec. 

(1971). 


Microwaves 


629 


METALI/DRGANIC  AND  MICROWAVE-PROCESSING  OF  CERAMIC  POWDERS  AND 
COMPACTS 


M.A.  Willert-Porada,  S.  Vodegel;  University  of  Dortmund,  Dept,  of 
Chem.  Eng.,  P.O.Box  500500,  D-4600  Dortmund  50 


ABSTRACT 

Metallalcoholates  as  ceramic  precursors  were  infiltrated  into 
porous  ceramic  matrices  and  decomposed  to  sinteractive  powders. 
Fully  crystalline  powders  with  cluster-like  morphology  were 
obtained  by  microwave  heating  (2.45  GHz)  of  the  precursor  whereas 
amorphous  powders  were  obtained  by  conventional  heating.  After 
sintering  the  mechanical  properties  of  the  infiltrated  ceramic 
are  improved  as  compared  to  the  matrix  material.  Microstructure 
modelling  of  ^120^  cerainics  towards  "self  strenghtened"  materials 
by  metallorganic  infiltration  and  decomposition  and  by  microwave 
heating  is  proposed. 

INTRODUCTION 

Flaw  control  and  toughening  are  currently  the  most  promising 
approaches  on  the  way  to  structural  ceramics  with  increased 
reliability  (1).  However,  an  intrinsic  separation  of  these  two 
approaches  exists,  in  part  due  to  different  processing  routes 
necessary  to  achieve  high  strength  or  enhanced  toughness  (2) . 
Addition  of  fibers  or  particles  to  increase  toughness  often 
generates  larger  processing  flaws  in  the  composite  compared  to 
the  pure  matrix  material  (2) .  Microstructure  modelling  by  varying 
sintering  profiles  and  employing  sintering  aids  is  possible  too 
(3)  but  limited  because  of  the  strong  coupling  between  grain 
growth  and  density  (4) .  Toughening  due  to  phase  transformations 
is  by  now  possible  in  a  few  cereunic  materials  only  (1,3). 

In  case  of  monolithic  materials  with  no  polymorphism,  e.g.  AI2O  , 
which  exhibit  R-curve  behavior  due  to  a  coarse  grained  micro¬ 
structure  (5) ,  the  development  of  alternative  processing  routes 
is  of  particular  interest.  To  beneficially  combine  strength  and 
crack  resistance  behavior  of  high  alumina  ceramics,  a  simultane¬ 
ous  "flaw  control"  and  "toughening"  processing  route  is  necessary 
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in  order  to  balance  the  amount  and  size  of  a  coarse  grained 
region  within  a  fine  grained  matrix  without  decreases  in  density 
(5,6).  A  combined  metallorganic  infiltration  and  microwave 
heating  (MW)  approach  should  for  two  reasons  be  capable  of 
unifying  "flaw"control  with  "toughening"; 

-  infiltration  is  pore-size  selective,  therefore  reducing  the 
flaw  size  by  filling  the  largest  pores  first 

-  heating  by  MW  offers  the  opportunity  for  local  thermal 
gradients  and  therefore  for  selective  grain  growth. 

The  infiltration/decomposition  sequence  is,  in  the  case  of  mono¬ 
lithic  materials,  comparable  with  the  carbon-fiber-composite 
(CFO  -  technology  (7) ,  for  polyphasic  materials  with  the  work 
done  by  Marple  and  Green  on  Mullite/Al^O^  composites  (8,9). 
Powder  preparation  by  microwave  processing  has  recently  been 
reported  by  Kladnig  and  Horn  (10).  To  our  knowledge  the  direct 
decomposition  of  metallorganic  compounds  as  well  as  the  "  in  situ 
"  generation  of  a  powder  by  MW-heating  is  not  described  in 
literature  yet.  Using  this  approach  a  microwave-absorbing  metall¬ 
organic  compound  can  be  decomposed  to  a  second  cereunic  powder 
within  a  MW-transparent  matrix,  e.g.  Al(OR)^  or  Zr(OR)^  in  a  - 
Al.O.-matrix  (6,11)  as  well  as  a  non  absorbing  ceramic  precursor 
within  a  MW-absorbing  matrix,  e.g.  SiC/  polysilane  (12) .  In  cases 
with  both  matrix  and  metallorganic  compound  being  MW-active,  e.g. 
SiC/AKOR)^  or  2r(OR)  (11,12)  selective  heating  occurs  on  the 
more  lossy'*  material.  To  study  the  influence  of  infiltration  and 
MW-heating  on  the  microstructure  development  and  mechanical 
properties  of  alximina  ceramic,  the  "monolithic"  mixture  Al(OR)-/- 
Al^Oj  is  used  as  model  system.  In  this  paper  preliminary  results 
are  reported. 
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Figure  1:  General  processing  scheme 
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Table  1  .  Characteristic  properties  of  the  powders. 


CT  8000  SG 

ATIP/furnace  ATIP/MW 

Composition 
A1  0 

99.6 

not  estimated 

Na  0 

Si(3 

MgO 

0.10 

0.07^ 

0.02 

If 

n 

** 

N 

grain  size 

'  0.10 

d  >  0.05 

spec,  area 
293  K 

(m  g  ) 

19 

35-20 

230-98 

1073  K/3h 

- 

16 

104-98 

1273  K/3h 

8 

- 

70 

1473  K/3h 

- 

- 

7 

%  Phase 

293  K 

99o 

amorphous 

crist.un)cn. 

1273  K/3h 

N 

- 

Y  (XRD) 

1473  K/3h 

M 

- 

a  +  Y  (XRD) 

Source 

Alcoa 

ATIP  :  Flu)ca 

*  0.1  %  added. 

Table  2  . 

••  no  MgO  addition,  ATIP  distilled  prior  to  use 

Processing  details  and  characterisation  of  the  compacts. 

Matrix 

Processing 

density 
(g  cm  ’) 

porosity 

(*) 

spez* 

(m^ 

surface 

g'  ) 

CT  8000 

* 

Standard 

1.6+/-0.05 

58 

9  - 

10 

CT  8000 

infiltrated 

max.  1.76 

max.  58 

max. 

50 

S  MW-decoinp. 

♦:  sieving  500  lun,  dry-pressing  60  MPa  isostat. ,  prefiring  1273  K/3h 

Table  3  .  Processing  routes 

for  CT  8000 

-matrix  ceramics 

• 

Symbol 

Description 

A  firing  in  a  furnace,  1700®C/2h,  100*C/h  heating  rate 

B  firing  in  a  furnace,  1700'C/2h,  1200'C/h  heating  rate 

C  infiltration  of  prefired  body  with  ATIP,  MW-decomposition 
D  heat  treatment  in  a  furnaje,  1450®C/  t  (minutes),  firing  A 
E  heat  treatment  in  MW-oven  ,  1450®C/  t  (minutes) ,  firing  A 

F  MW-sintering  ,  1665®C/2h,  2000*C/h  heating  rate 

as  F  with  post  firing  A 

G  furnace  sintering  1665®C/2h,  2000*C/h  heating  rate 
Gj^  as  G  with  post  firing  A 

•  !  SiC  is  used  to  preheat  the  Al^O^  (MW-hybrid  heating) 
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RESULTS 


The  general  procedure  is  shown  in  Figure  1.  Experimental  details 
of  the  processing  steps  are  given  in  Tables  1,  2  and  3. 


Infiltration  and  Decomposition 

The  prefired  greeil  bodies  were  infiltrated  with  molten  aluminium- 
tri-^so£ropanolate ,  (ATIP) .  The  spatial  distribution  of  the 
infiltrated  ATIP  depends  directly  upon  the  different  agglomera¬ 
tion  and  packing  behavior  of  the  matrix-powder  (6) .  The  infil¬ 
tration  depth  depends  upon  the  temperature  and  viscosity  of  the 
melt  as  well  as  upon  the  infiltration  time  (6) .  Decomposition  of 
the  infiltrated  ATIP  to  Al-O^,  and  H^O  cm  be  achieved  by 

heating  in  a  furnace  as  well  as  using  microwave  radiation  (2.45 
GHz) .  In  MW-heating  without  ATIP  for  the  same  amount  of  AI2O3 
the  same  configuration  (isolation,  power  level  etc.)  a  decreased 
steady-state  temperature  is  reached.  When  a  lOOg  sample  of  A)- 2*^3 
is  heated  with  195  watts  MW-power  a  steady-state  is  reached  after 
60  minutes  with  a  temperature  of  100“C.  The  same  porous  sample 
infiltrated  with  30  g  ATIP  reaches  120®C  after  60  min  and  a 
maximum  temperature  of  200®C  after  180  minutes,  corresponding  to 
75%  decomposition  of  the  ATIP  to  Al.O  .  To  achieve  the  same 
degree  of  decomposition  in  a  conventionail  furnace  a  temperature 
gradient  of  200-230®C  in  90  minutes  is  necessary.  At  200“C  in  a 
furnace  only  40%  decomposition  can  be  achieved  within  210  minutes. 
The  powders  and  compacts  from  both  decomposition  routes  were 
characterized  microscopicaly  and  by  surface  area  and  density 
measurements.  The  coarsening  behavior  has  been  qualitatively 
investigated  by  subsequent  heat  treatment.  As  shown  in  Table  1 
and  Figure  2a  the  morphology  and  coarsening  behavior  of  the 
powders  generated  from  ATIP  differ  significantly  upon  the  ATIP- 
decomposition  route.  MW-heating  yields  a  fully  crystalline  powder 
with  the  smallest  particle  size  fraction  of  50  nm  and  rather  a 
high  specific  area.  A  XRD-pattern  could  not  be  obtained  from  this 
powder.  Subsequent  heating  experiments  and  XRD-analysis  indicated 
the  presence  of  y-Al^Oj  up  to  1200“C.  TEH  revealed  a  "cluster" 
morphology  typical  for  hard  agglomerates  or  sintered  particles. 
Furnace  decomposition  yields  a  fine  powder  of  globular  morphology 
with  a  medium  surface  area.  The  morphology  of  the  infiltrated 
compacts  depends  also  upon  the  decomposition  route  as  shown  in 
Figure  2b.  The  MW-decomposed  sample  exhibits  a  smoother  fractured 
surface  compare  to  the  furnace  decomposed  one. 
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Figure  2:  a)  TEM-micrographs  of  Al^O^-powders  from  decomposition 
of  ATIP  in  aa)  a  furnace  ab)  MW-oven 
b)  SEM-roicrographs  of  infiltrated  CT8000  green  bodies 
after  decomposition  in  ba)  a  furnace  bb)  a  MW-oven 

Firing 

Sintering  and  heating  conditions  are  given  in  Table  3.  The  final 
densities  and  qualitative  grain  size  analysis  results  are  given 
in  Table  4.  Compared  to  not  infiltrated  samples,  a  decrease  in 
the  total  amount  and  a  better  spatial  distribution  of  the  coarse 
grains  is  achieved  for  the  infiltrated  CT  8000  SG  matrix  material. 
A  "bimodal"  microstructure  with  a  fine  grained  matrix  is  obtained. 
A  similar  morphology  but  a  lower  final  density  is  achieved  by 
"fast"  sintering  of  a  non  infiltrated  sample.  The  influence  of 
MW-radiation  on  the  microstructure  has  been  investigated  by 
varying  the  heating  profile  in  the  temperature  region  below 
ISOO’C.  Two  samples  of  the  same  origin  reveal  differences  in  the 
microstructure  when  heated  by  MW  compare  to  the  same  sintering 
profiles  in  a  furnace.  The  MW-samples  exhibit  a  grain  coarsening 
not  observed  at  the  same  temperature  and  time  for  samples  fired 
in  a  furnace.  This  difference  is  preserved  upon  final  sintering 
at  1700®C/2h  as  shown  in  Table  4. 

Mechanical  properties 

The  Young's  modulus  (resonance  method) ,  crack  resistance  para¬ 
meters  R  (starting  value)  and  R  (plateau  value)  of  s^ingle  £dge 
notched  Sending  test  bars  (SENS)  ^(5)  as  well  as  strength  measure- 
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ment  (3-poinr  bend)  results  are  collected  in  Table  5.  Infiltrated 
samples  exhibit  a  slightly  higher  Young's  modulus  and  beginning 
R-curve  behavior  compared  to  the  non  infiltrated  material. 
However,  strength  measurements  show  an  increased  scattering, 
indicating  the  presence  of  larger  flaws  in  some  of  the  samples. 


Table  4  .  Microstructure  and  density  (g  cm  )  versus  processing 
route  for  CT  8000  matrix  ceramics. 


Table  5.  Mechanical  properties  of  the  materials  a  and  C 
with  CT  8000  matrix. 


A 

C 

Young ' s-modulus 

E  (GPa) 

350 

+/-  10 

375 

+/-  10 

strength 

0.  (MPa) 

225 

-  275 

200 

-  300 

• 

R-curve  R- 

R„,R  . 

°  P  R 

27 

25 

30 

(HO) 

(air) 

(HO) 

23 

30 

43 

(HO) 

(air) 

(HO) 

P 

35 

(air) 

50 

(air) 
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DISCUSSION 


The  crucial  step  in  the  processing  route  is  the  ATIP  decomposi¬ 
tion  which  gives  a  large  quantity  of  gaseous  products.  At  this 
processing  step  new  flaws  can  be  generated.  The  scattering  in 
Cj^-values  indicates  the  need  for  further  optimization  of  the 
decomposition  procedure.  In  particular,  a  continuous  adjustment 
of  the  MW-power  level  is  necessary  as  well  as  a  better  isolation 
and  lower  heating/cooling  rates  in  order  to  avoid  temperature 
gradients  due  to  the  cold  MW-oven  interior. 

The  effect  of  infiltration  on  the  microstructure  depends  upon  the 
packing  and  agglomeration  properties  of  the  matrix  powders,  as 
described  in  more  detail  elsewhere  (6) .  For  CT  8000  SG  matrix 
material  the  main  effect  is  preservation  of  a  bimodal  microstruc¬ 
ture  as  well  as  reduction  of  excessive  grain  growth.  Furthermore, 
depending  upon  the  degree  of  infiltration  an  increased  densifica- 
tion  is  observed  (6).  However,  this  effect  may  depend  upon  the 
powder  properties  of  the  "in  situ"  generated  powder.  Due  to  the 
large  difference  between  furnace-  and  MW-powders  a  more  detailed 
analysis  of  coarsening  and  densification  kinetics  upon  infiltra- 
t.ion/decompositicn  is  necessary. 

The  influence  of  MW-radiation  on  the  coarsening  behavior  of  non- 
inf  iltrated  alumina  bodies  also  needs  further  investigation.  As 
suggested  by  Brook  (13)  and  Johnson  (14)  for  sintering  of  alumina 
MW-radiation  could  selectively  influence  one  diffusion  path, 
depending  upon  the  heating  profile  used.  In  previous  work  MW- 
heating  has  been  used  for  "fast"  sintering  of  alumina.  A  fine 
grained  material  has  been  obtained  (14).  The  material  sintered  at 
1665“C  by  MW-hybrid  heating  using  SiC  exhibits  no  differences  in 
density  and  morphology  compared  to  a  material  prepared  with  the 
Scune  heating  rate  .in  a  furnace,  as  shown  in  Table  3  and  4. 
However,  a  moderate  heating  rate  was  used.  On  the  other  hand, 
annealing  the  same  material  at  temperatures  below  the  sintering 
temperature  reveals  more  coarsening  in  the  microwave  heated 
Scunples.  A  contamination  of  the  material  by  SiC  or  SiO^  has  not 
been  found.  In  MW-experiments  the  temperature  was  measured  by  a 
pyrometer.  The  pyrometer  readings  were  adjusted  to  the  actual 
emissivity  of  ^1^0^  as  estimated  on  furnace  heated  samples  in  the 
same  configuration  as  the  MW-oven  one.  Therefore,  no  extreme 
difference  in  the  temperature  profile  of  the  furnace  and  MW-oven 
heating  is  expected.  The  uniform  microstructure  within  the 
MW-heated  samples  indicates  little,  if  any  thermal  gradiejits 
between  the  sample  interior  and  the  surface.  However,  the  coarse¬ 
ning  in  the  MW-heated  samples  could  indicate  an  enhanced  surface 
diffusion.  In  this  case  certain  sintering/annealing  profiles 
using  MW-heating  would  be  capable  of  further  modifying  the  amount 
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and  nrorphology  of  coarse  grains  within  a  ceramic  material. 
Combined  with  the  metallorganic  infiltration  process  coarsening 
and  density  of  a  ceramic  could  be  varied  over  a  very  broad  range, 
not  accessible  by  any  of  the  single  processing  routes. 


CONCLUSION 

It  has  been  demonstrated  that  R-curve  behavior  of  a  fine  grained 
matrix  alumina  cercunic  can  be  induced  by  using  a  metallorganic 
infiltration  and  microwave  decomposition  process.  In  addition  the 
amount  of  coarse  grains  within  a  fine  grained  matrix  can  be 
increased  compared  to  conventionally  processed  materials  with 
microwave  hybrid-heating.  Combination  of  both  processing  routes 
could  provide  ceramic  materials  with  a  diversity  of  grain  size 
distributions  and  morphology  thereby  preserving  a  high  density. 
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ABSTRACT 

The  paper  will  explore  the  use  of  Optical  Fiber  Thennometry  (OFT)  in  applications 
where  coupling  of  microwave  energy  is  the  form  of  heating.  These  include  sintering  of  ceramic 
materials,  brazing,  analytical  work  and  other  applications  tanging  from  200°C  to  4000°C.  OFT 
includes  both  contact  and  non-contact  temperature  measurement  based  on  Aluminum  Oxide 
(Sapphire)  optical  sensors. 

Proper  methods  of  application,  heat  transfer  solutions  and  expected  results  will  be 
explored.  Recent  developments  resulting  in  total  immunity  of  the  sensor  technology  to  electro¬ 
magnetic  interference  will  be  explained. 

INTRODUCTION 

The  use  of  microwave  energy  as  a  heating  method  is  t^idly  increasing.  This 
technology  brings  improved  productivity  and  better  quality  to  many  processes.  Microwave 
heating  alro  causes  new  issues  to  arise.  Most  important  of  these  is  temperature.  Temperature 
measurements  in  a  microwave  field  are  not  always  a  simple  matter.  The  thermocouple  is  a 
device  not  well  suited  to  microwave  applications  due  to  electromagnetic  interference  (EMI). 
The  methods  that  show  best  results  universally  are  optical  measurements.  Optical  fiber 
thermometry,  its  advantages,  and  primarily  its  applications  will  be  discussed  in  this  paper. 

DISCUSSION 

A  brief  description  of  Optical  Fiber  Thennometry  should  begin  with  the  basic  principle 
upon  which  it  is  founded  The  energy  radiated  by  any  object  at  a  particular  wavelength  is  a 
strongly  dependent  function  of  absolute  temperature.  Planck’s  equation  describes  this 
phenomenon.  (See  Figure  1).  A  measurement  of  emitted  radiation  from  a  target  at  certain 
defined  wavelengths  allows  one  to  make  a  calculation  of  absolute  temperature.  Typically,  an 
optical  filter  is  chosen  that  limits  the  radiation  collected  by  the  detector  to  a  certain  selected 
range  of  wavelengths.  This  allows  tailoring  the  measurement  for  the  characteristics  of  the 
detector  and  surface  properties  of  the  target  material. 
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Where: 


C,  *  X-* 

_5_ 

X*T 


-1 


EhO^  T)  -  Energy  emitted  by  a  blackbody  cavity  per  unit 
area  per  unit  wavelength,  at  temperature  T  and 
f  W  \ 

X = Wavelength  (pm). 

T = The  Absolute  Temperature  (K). 

Cj=  Constant  3.743  •  lO®  ( (W*  p  m« )  /rrfi ) 

Cj,=  Constant:  1.4387  •  10*  ( pm  *  K ) 

Inguie  1.  Plancks  Equation 


In  Optical  Rber  Thennometry  or  OFT,  the  radiant  energy  from  a  heated  object  is 
gathered  by  sensns  of  three  general  types;  Blackbodies,  Lightpipes  and  Pyrometers.  Each  has 
its  own  strengths  and  weaknesses  but  all  produce  the  same  type  of  signal;  a  simple  light  flux. 
The  amplitude  of  this  signal  at  each  wavelength  is  important  as  this  is  what  uniquely  allows 
determination  of  the  target’s  actual  temperature.  T!ie  light  is  then  conducted  via  an  optical 
flber,  to  a  calibrated  radiometer,  where  the  temperature  is  calculated  from  Plancks  equation 
knowing  the  wavelength  at  which  the  measurement  is  made. 

For  measurements  made  in  which  die  sensor  establishes  thermal  contact  with  the 
target,  the  blackbody  sensor  is  used.  It  consists  of  a  single  crystal  tod  of  AljO]  (Sapphire) 
capped  (on  the  sensing  end)  with  a  thin  film  of  noble  metaL  This  metal  film  forms  a  cavity 
on  the  surface  when  viewed  from  inside,  which  becomes  hot  and  emits  radiation,  according  to 
Planck’s  Law,  into  a  sapphire  lightpipe.  It  couples  only  sreakly  to  the  microwave  field,  tolerates 
temperature  op  to  1900^,  and  is  e^y  conflgured  for  difflcutt  access  to  a  process. 

Non-contact  measurements  are  made  with  the  lightpipe  or  pyrometer  sensors.  The  first 
of  these,  the  lightpipe  senses,  is  also  a  rod  of  sapphire.  It  however,  has  no  metal  cavity. 
Instead  it  gathers  Ught  in  a  cone  of  approximately  52°  from  the  sensing  end  which  has  bera 
optically  polished.  It  does  not  couple  with  the  microwave  energy,  tolerates  19(X)°C  and  above, 
averages  temperature  over  a  lar^  area,  and  provides  ease  of  access  to  a  process.  The 
lightpipe  sensor  can  be  bent  to  a  wide  variety  of  custom  configurations. 

The  pyrometer  sensor  is  essentially  a  small  telescope.  It  is  designed  to  gather  light 
from  an  incandescent  target  at  greater  distances  and  with  finer  spacial  resolution.  Major 
advantages  also  include  simpUcity  of  installation,  greater  ease  of  high  temperature  measurement, 
and  again,  no  microwave  interference  in  the  measuremenL 

The  advantages  of  OFT  in  a  microwave  environment  are  several.  OFT  can  be  totally 
immune  to  EMI.  Its  signal/noise  ratio  is  much  greater  than  ether  methods  and  it  oflers 
phenomenal  response  speed.  Microprocessor  control  contributes  to  its  adaptability  and 
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flexibility.  More  conventional  means  of  temperature  measurement  such  as  thermocouples  and 
Resistive  Temperature  Detectors  (RTDs)  have  problems  with  this  sort  of  environment  The 
thermocouple  and  RTD  sensors  conduct  and  couple  with  the  E  field.  Hie  sensor  becomes  self 
healed,  possibly  more  so  than  the  material  being  processed,  leading  to  significant  measurement 
errors,  changes  in  local  heating,  and  often  sensor  failure.  Hi^  temperatures,  found  in  many 
microwave  applications,  can  fiequently  exceed  the  service  temperature  of  the  thennocouple  or 
RTD  itself.  With  the  use  of  OFT  in  the  non-contact  mode,  measurement  temperature  is 
virtually  unbounded  at  the  high  end.  Measurements  of  3000°C  are  commonly  done  with  optical 
fiber  technology.  Contaa  measurements  can  be  made  as  high  as  1900^  with  the  sapphire 
sensors. 

OFT  technology  allows  response  of  lOkHz  over  a  wide  range  of  tempoatures.  In 
production  applications  where  temperature  control  is  important,  the  equ^ment  makes 
temperature  measurements  at  up  to  SO/sec.  This  gives  the  Proportional  Integ^  Derivative,  or 
PIF),  controller  more  continuous  data  on  which  to  base  if  adjustments  to  process  power. 
Microwave  processes  tend  to  be  subject  to  thermal  runaway.  Typically  this  occurs  when 
absorption  characteristics  of  the  material  improve  as  temperature  increases.  Fast  controller 
response  in  such  situations  is  critical.  Heating  rates  up  to  lOffX^/sec  for  various  ceramic 
materials  have  been  observed  in  relatively  low  power  cavities.*  OFT  has  demonstrated  control 
better 

than  ±  1*C  at  rarnp  rates  to  l.^OO'C/sec. 

The  first  application  is  a  simple  single  mode  resonant  cavity,  (See  Fig  2)  used  in  an 
experiment  done  at  JPL  in  Pasadena,  California  in  November,  1989.  The  objective  was 
twofold.  Observation  of  the  heating  characteristics  of  a  ceramic  material  called  Wangite®,  and 
demonstration  of  the  (^abilities  of  the  standard  blackbody  sensor.  Wangite®  is  used  as  a 
blackbody  cavity  in  certain  high  temperature  or  harsh  environments. 

The  results  were  as  expected.  The  ceramic  material  was  strongly  self  heating.  In  other 
words,  it  coupled  well  with  the  microwaves.  With  the  input  power  at  26  watts,  frequency  at 
4.62  GHz,  in  the  TM  010  mode  a  temperature  of  680‘’C  was  reached  in  12  minutes.  An 
interesting  effect  was  that  as  heating  progressed,  the  peak  absorption  shifted  in  frequency, 
leading  to  a  temperature  plateau.  After  the  ca-rlty  was  retuned  to  minimize  reflected  power 
each  time,  a  new  higher  plateau  temperature  was  reached.  This  confirmed  the  materials 
unsuitability  as  a  sensor  material  for  most  microwave  applications. 

The  second  objective  involved  use  of  the  conventional  metal  cavity  blackbody  sensor. 
It  was  equally  successful.  Introducing  the  bare  sensor  into  the  cavity  did  cause  a  sL'ght 
peaurbation  in  tuning  but  the  probe  was  not  noticeably  self  heating.  The  lower  temperature 
detection  threshold  with  the  equipment  used  was  AOO'C.  A  simultaneous  measurement  of  the 
probe  top  with  a  sensitive  pyroelectric  detector  detected  a  smaU  temperature  rise  from  ambient 
of  5"  ±  T’C. 
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This  small  change  will  be  further  reduced  if  the  probe  is  in  contact  with  a  sdid  to 
which  heat  will  rapidly  transfer.  At  higher  temperatures,  &e  e^ect  of  radiative  heat  transfer 
will  further  reduce  the  phenomenon. 

Using  the  probe  as  a  support,  a  small  (3.Smm  x  6mm)  zeolite  pellet  with  a  cavity  in 
it  was  heated  in  the  chamber.  The  blackbody  sensor  made  a  measurement  of  true  bulk 
tempnatme.  This  allowed  for  an  effective  emissivity  calibration  of  the  pyroelectric  detector. 
Use  of  the  word  "effective”  is  key  here.  The  effects  of  convective  cooling  will  always  act  to 
lower  the  outer  temperature  of  an  internally  heated  body.  For  optically  opaque  or  thick 
materials,  a  lighqtipe  sensor  inserted  into  the  material  win  serve  the  same  function,  and  have 
absolutely  no  coupling  to  the  microwair  field  itself.  The  concept  however,  was  well  proven; 
that  an  effective  emissivity  or  heat  transfer  correction  can  be  developed  to  allow  a  {nocess 
controller  to  track  true  bulk  temperature  accurately  and  repeatably  with  an  optical  ffber  ^nsor 
input 

Optical  Fiber  Thermometry  has  been  udlkod  as  the  only  pracdcal  means  of 
temperature  measurement  in  some  very  demanding  applications  where  all  else  have  failed.  One 
example  to  be  discussed  is  a  high  temperature  fluidized  bed  used  in  the  nuclear  materials 
processing  field. 

The  fluidized  bed  is  contained  within  a  double  wall  reactor  at  a  process  temperature 
around  1500X.  The  environment  was  40%  hydrogen,  strongly  reducing,  so  the  blackbody 
sensors  in  sapphire  sheaths  are  protected  by  boron  nitride  outer  sheaths. 

Before  installation  and  use  of  the  Accufiber  OFT  system,  temperature  fluctuations  in 
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the  uncontrolled  bed  would  approach  2S00°C,  destroying  product  and  process  components 
simultaneously.  TungstenMienium  thennocouples  foiled  to  measure  the  temperatures  of  this 
harsh  environment  The  diermocouples  gave  no  meaningful  results  until  the  microwave  field 
was  turned  off,  making  control  impossible.  With  the  Optical  Fiber  Thermometry  system  in 
place,  temperature  in  the  bed  is  controllable  with  eight  separate  sensors  and  the  2S00*X] 
hotspots  are  an  anomaly  of  the  past 

Results  have  shown  that  high  resolution  OFT  technology  leads  to  better  temperature 
control-even  when  using  existing  control  equipment  The  OFT  signal  is  practically  noise  fiee 
and  control  circuits  can  be  adjusted  to  respond  to  much  smaller  temperature  chwges.  The 
ability  to  measure  very  small,  real  changes  in  furnace  temperature  emdiles  a  control  circuit  to 
respond  to  the  onset  of  temperature  change  and  rapidly  adjust  furnace  power  before  the  change 
becomes  excessive.  Figure  3  shows  an  example  of  this  type  of  control  using  the  Accufiber 
Model  100  in  a  production  furnace. 

The  Hgure  3  data  was  obtained  from  a  IS-year-old  microwave  component  brazing 
furnace  with  an  analog  control.  The  OFT  signal  was  converted  to  a  type  R  thermocoiqtle 
output  signal  and  fed  directly  to  the  existing  control  circuit  The  Figure  3  data  shows  that  the 
furnace  was  controlled  within  ±  0.5  ‘C  at  1S00°C.  Moreover,  the  user  found  that  product 
quality  improved  and  remained  stable  over  the  first  year  of  operation.  The  low  drift  and  high 
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resolution  of  the  OFT  sensor  provided  significant  durability  and  rqieatability  improvements 
over  previous  thermocouple  p^ormance. 

The  customer  has  now  installed  eight  channels  of  OFT  instrumentation  for  production 

control 


Many  microwave  plasma  applications  are  also  well  within  the  realm  of  OFT.  These 
techniques  are  being  demonstrated  and  used  daily  in  qiplications  fiom  20O°C  to  over  2000^0. 
The  E.M.L  immunity  and-non-intrusive  nature  of  this  technology  malce  it  a  natural  choice  of 
temperature  measurement  for  this  environment.  Diamond  film  deposition,  plasma  «ch  and 
dep^tion,  and  microwave  heated  MBE  are  all  good  applications  for  qxical  fiber  technology. 

Optical  Fiber  Thermometry  has  been  proven  in  ceramic  sintering  operations  of  several 
types.  Ihe  repeatability,  resolution,  and  accuracy  make  possible  the  process  control  necessary 
in  a  higlily  sensitive,  temperature  dependant  system. 

Advantages  to  sintering  in  a  microwave  chamber  are  many:  smaller  microstructure, 
greater  densification,  higher  product  strength,  energy  efficiency,  and  lower  process  time.  In 
order  to  fully  realiae  these  advantages,  a  microwave  compatible  temperanire  measurement  and 
control  system  must  be  implemented. 

OFT  serves  as  the  controlling  measuremem  means  on  the  Wavemat  model  MCR  2200 
Microwave  Ceramic  Processing  System,  a  system  created  exactly  with  the  above  attributes  in 
mind.  The  chamber  itself  is  c^iproximately  0.15  meters  in  diameter  and  twice  as  long.  The 
system  is  microprocessor  controlled  in  ^  process  parameters  including  the  closed  loop 
temperature  control.  A  pyrometer  sensor  is  chosen  to  obtain  complete  remote  sensing  in  the 
measurement  and  to  fecilitate  maintenance  of  the  controlled  environment  inside  the  chamber. 
The  pyrometer  views  its  target,  the  part  being  sintered,  through  a  quartz  window  in  the  side  of 
the  chamber.  A  polynomial  emissivity  correlation  vs  temperature  for  any  particular  material 
can  be  developed  and  entered  into  the  microprocesscr  controlled  OFT  temperature  controller 
if  necessary. 

Benefits  to  materials  processing  fiom  microwave  processing  serve  to  make  it  an 
attractive  technology.  These  bwefits  are  often  only  fully  realized  when  OFT  Technology  is 
used  to  gain  complete  {soces^;  measurement  and  control.  Marriage  between  microwave 
processing  and  Optical  Fiber  Thermometry  technologies  is  a  symbiotic  one  not  unlike  the 
application  of  microwave  energy  to  ceramic  sintering.  The  best  temperature  measurement 
possible  in  a  microwave  environment  comes  fiom  optical  fiber  technology. 
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A  WIDE  RANGE  TUNABLE  AND  MATCHABLE 
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ABSTRACT 

Tuning  and  matching  la  vital  for  a  resonant  microwave  material 
processing  applicator.  A  wide  range  tunable  and  matchable,  resonant, 
high  temperature,  microwave  applicator  is  proposed  consisting  of  a 
coaxial  cavity  with  a  gap  cutting  its  center  conductor.  It  can  be 
tuned  and  matched  for  different  gap  loads,  ranging  from  air  to  water, 
by  adjusting  two  non-contact  short  ciroiit  plungers.  This  scheme 
varies  the  internal  impedance  or  energy  storage  in  contrast  to  using 
external  tuning  reactances. 

A  simple,  analytic,  Imnped  parameter  circuit  Is  obtained  for  an 
arbitrarily  positioned  gap  in  the  center  conductor  using  an  artificial 
electric  wall  concept.  Based  on  this,  an  equivalent  circuit  model  is 
built  to  characterize  the  internal  tuning  and  matching  mechanism.  As 
an  application  example,  3  mm  and  5  mm  diameter  mullite  rods  were 
Joined  successfully,  without  an'  intermediary,  using  less  than  60  W  of 
microwave  power  at  915  MHz  for  10  minutes 

INTRODUCTION 

Recently,  interest  in  high  temperature  microwave  material 
processing  has  been  growing  rapidly.  These  new  applications  of 
microwave  energy  impose  new  requirements  upon  microwave  applicators. 
A  crucial  one  is  the  applicator’s  tuning  and  matching  ability.  Most 
materials  exhibit  a  temperature  dependence  resulting  in  an  unstable 
applicator  input  impedance.  For  this  reason,  an  applicator  tunable 
and  matchable  over  a  wide  range  of  dielectric  properties  is  desirable. 

In  this  paper,  a  new,  high  temperature,  microwave  resonant 
applicator  capable  of  internal  tuning  and  matching  to  different 
dielectric  loads  is  presented.  Moreover,  an  artificial  electric  wall 
concept  is  introduced  to  build  an  equivalent  circuit  model  and  to 
characterize  the  applicator’s  tuning  and  matching  performance. 


Microwaves 


647 


Subsequently,  as  an  application  example,  mullite  rods  of  3  mm  and  5  mm 
In  diameter  are  Joined  with  less  than  60  W  of  power  at  915  MHz. 

APPLICATOR  DESCRIPTION 

Otir  applicator  consists  of  a  coaxial  cavity  with  a  gap  cutting  its 
hoilow  center  conductor  and  two  movable  circuit  plungers,  as  shown  in 
figure  1.  The  materiai  to  be  processed  is  held  in  the  gap  and  in  the 
adjacent  hole  regiort:-  A  coupling  loop  is  mounted  on  one  of  the  short 
circuit  plungers.  The  two  holes  on  the  side  wail  are  for  inspection 
and  temperature  measurement. 


Inspection  hole 


Figure  1.  Schematic  of  the  wide  range  tunable  and  matchable 
high  temperature  microwave  applicator. 

The  present  applicator  was  developed  from  a  coaxial  high 

temperature  applicator  proposed  by  Tinga,et  in  1990. Ill  Instead  of 
using  a  disk-screw  tuner  in  the  former  case,  two  movable  short  circuit 
plungers  are  used  for  tuning  and  matching  the  applicator  to  overcome 
the  limited  tuning  and  matching  capability  of  the  previous  design. 

THEORETICAL  ANALYSIS 

This  applicator,  loaded  in  the  gap,  is  eiectromagnetically  a 

complex  problem  to  solve.  There  are,  in  the  literature,  no  simple 

analytic  formula  of  lumped  circuit  parameters  for  a  gap  positioned 

arbitrarily  on  a  center  conductor.  However,  lumped  capacitance 
formula  for  a  gap  at  the  end  of  a  coaxial  cavity  are  available.  (21 
Interestingly,  we  found  that  once  an  artificial  wall  concept  was 
established,  this  formuia  could  be  adapted  to  a  gap  at  an  arbitrary 
position  on  the  center  conductor.  Thus  an  equivalent  circuit  model 
can  be  developed  based  on  this  procedure. 

Artificial  Electric  Wall 

As  shown  in  figure  2,  the  position  of  an  electric  wall  in  the  gap 
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is  designated  by  dt  and  dz.  To  determine  di  and  dz,  two  special  cases 
can  be  considered.  First,  if  L2=0,  that  is,  the  gap  is  positioned  at 
the  end  of  the  cavity,  the  electric  wall  is  simply  the  end  plate 
itself,  thus  dz^  and  di^d.  Secondly,  if  Li^Lz,  i.e.  the  gap  is 
located  at  the  midplane  of  the  cavity  and  the  electric  wall  at  the 
midplane  of  the  gap,  di=*d2=d/2,  due  to  symmetry.  This  fact  suggests 
that  an  artificial  electric  wall  may  move  from  the  midplane  of  the 
cavity  to  the  end  of  the  cavity  as  the  gap  moves  from  the  midplane  to 
the  end.  For  simplicity,  we  assume  di  and  dz  vary  with  Li  and  Lz. 
approximately,  in  a  linear  fashion,  that  is 

di=  ,  -  and  d2=d-di  (1) 

□LZ'^Ll  , 


Figure  2.  The  artificial  electric  wall  (a)  and  the  equivalent  circuit 
(b)  of  a  coaxial  cavity  with  a  gap  on  its  center  conductor. 


Lumped  Circuit  Parameters 

Based  on  the  imaginary  electric  wall,  the  gap  discontinuity  can  be 
represented  by  the  following  lumped  parameters  as  shown  in  figure  2  : 
two  series  capacitances,  Csi  and  C«z,  two  shunt  capacitances,  Cpi  and 
Cpz,  and  an  admittance  of  Ym,  which  accounts  for  the  effects  of  the 
sample  and  the  hole  present  in  the  gap.  Using  the  fo-mula  in 
reference  (21,  the  series  gap  capacitances  can  be  written  as(2! 

z 

_  .  ,  ,r3-rz,  GOTtrz 

C«i=4rzeoln( — t t —  (2) 

di  di 

1  /Ta-rz,  conrz^ 

CsZ=4rzG0ln( — ^ — )+ — (3) 
dz  dz 

The  shunt  capacitances  of  Cpi  and  CpZ  are  100  times  less  than  Csi 
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and  C»2  for  a  narrow  gap.(3]  Therefore,  only  Ym^Ctn+jBm,  determined  by 
the  hole  and  the  material’s  electromagnetic  properties,  remains 
unknown. 

Resonant  and  Matching  Equation 

Based  on  the  equivalent  circuit  representation  in  figure  2,  the 
input  impedance  is  given  by 

ZL^jZctancl^Lj) 

Zm-Ze - ^ 

Zc+jZLtan(^i) 

where  Zl,  a  function  of  La,  Cm  and  Bm  is  readily  obtained  using  the 
equivalent  circuit  in  figure  2. 

Finally,  resonance  is  established  when  the  input  reactance 

Im(Zin)=0  (5) 

and  a  matching  condition  is  obtained  when  we  make 

M^e{2in)=Zo  (6) 

where  M  is  the  coupling  loop’s  transformer  ratio. 

EXPERIMENTAL  VERIFICATION  OF  THE  CIRCUIT  MODEL 

In  order  to  verify  the  theoretical  model,  we  compared  calculated 
values  to  measiirement  results  in  the  L-band.  The  resonant  frequency 
versus  gap  width  for  three  different  gap  positions  is  depicted  in 
figure  3  and  indicates  agreement  to  better  than  3.17.  for  the  gap  width 
over  0-5  mm.  Figure  4  shows  the  resonant  frequency  versus  Li  for 
three  commonly  used  gap  widths  of  1  mm,  2  nun  and  3  mm,  and  the  maximum 

discrepancy  is  2.17.  Verification  for  the  tuning  characteristics 

predicted  by  the  model  is  demonstrated  in  figure  5.  Li  and  Lz  are 
adjusted  to  tune  the  cavity  to  915  MHz,  and  the  discrepancy  between 
theory  and  experiment  is  less  than  3.57..  These  three  figures  prove  the 
validity  of  the  artificial  electrical  wall  concept  used  to  develop  the 

equivalent  circuit. 

TUNING  AND  MATCHING  CHARACTERISTICS 

During  heating,  property  variation  of  the  material  in  the  gap 
invariably  leads  to  detuning  and  mismatching.  For  this  reason,  two 
adjustable  variables  related  to  resonant  frequency,  f  and  reflection 
coefficient  amplitude,  |r|,  are  required  to  keep  f  and  |r|  at  their 
optimal  values,  namely  f=source  frequency  and  lr|=0.  Theoretically, 

the  two  independent  variables  Li  and  Lz  can  satisfy  the  equations  (5) 
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Flure  3.  Resonant  frequency  vs.  gap  width,  d,  for  different 
gap  position,  Lt  and  Li.  Lines  are  theoretical  results 
and  dots  experimental  data. 


Figure  4.  Resonant  frequency  vs.  gap  position,  Li,  for  different 
gap  widths,  d.  Lines  are  theoretical  results  and  dots  are 
experimental  data. 

and  (6)  simultaneously.  Physically,  the  gap  field  strength  may  vary 
from  nearly  zero  to  a  maximum  for  different  combinations  of  Li  and  Lz. 
Therefore,  resonance  and  matching  can  be  retained  regardless  of  the 
material  property  variation  in  the  gap.  As  a  result,  this  applicator 
is  capable  of  being  tuned  and  matched  internally,  eliminating  the 
energy  loss  problems  associated  with  external  tuners. 

The  tuning  curve  at  915  MHz  is  depicted  in  figure  5.  Figures  6  and 
7  exhibit  the  matching  characteristics  at  915  MHz  for  different 
susceptamce  and  conductance  in  the  gap,  showing  that  matching  points 
will  shift  towards  the  middle  of  the  cavity  as  the  susceptance  or  the 
conductance  in  the  gap  increases.  Besides,  our  experiment  also  showed 
that  .perfect  matching  can  be  achieved  for  loads  from  air  to  water. 
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Figure  6.  Reflection  coefficient  vs.  gap  oosition,  Li,  and 
varying  gap  load  susceptance,  Bm. 


CERAMIC  JOINING  EXPERIMENT 

As  an  application  example  of  this  applicator,  a  ceramic  rod  joining 
experiment  was  conducted  at  915  MHz.  The  joining  system  is  shown  in 
figure  8.  Microwave  power  is  transmitted  into  the  applicator  from  a 
solid-state  915  MHz  power  source  with  a  maximum  60  W  output.  Between 
them  is  a  reflectometer  to  monitor  the  tuning  and  matching.  Adjusting 
the  positions  of  the  two  plungers  we  can  tune  the  cavity  to  915  MHz 
amd  minimize  reflected  power.  The  Joining  surface  of  the  ceramic  rods 
is  located  in  the  middle  of  the  gap,  where  the  electric  field  is 
f  ocused. 
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Figure  7.  Reflection  coefficient  vs.  gap  position,  Li,  and 
varying  gap  load  conductance.  Cm. 


Figure  8.  Schematic  diagram  of  the  experimental  ceramic  joining  system 

Two  muliite  rods  of  3  mm  and  5  mm  in  diameter  were  used  as 
specimens.  Their  typical  chemical  analyses  are  listed  in  table  1. 

Table  1.  Typical  Chemical  Analyses  of  Muliite  Rods. 

AUOs  SiOz  M*0  N.zO  C.O  FezOz  TiOz  KzO 

55.4  42.0  0.04  0.5  0.1  0.8  0.5  0.7 


The  rods  were  first  broken  and  then  were  joined  at  the  natural  broken 
surfaces  without  flux  and  other  intermediates.  A  constant  pressure 


Microwaves 


653 


was  applied  though  two  fixed  springs  at  the  both  ends  of  the  sample. 
The  rods  were  held  at  about  1500°  C  for  10  minutes  using  less  than  60 
W  power.  Azimuthal  uniformity  in  the  Joining  ^one  was  achieved 
without  rotating  the  specimen  due  to  the  azimuthally  symmetric  fields 
in  the  applicator.  The  boundary  at  the  interface  could  not  be 
detected  visually  after  Joining.  Bending  tests  showed  that  the  Joined 
region  was  slightly  stronger  than  the  original  rod  for  the  3  mm  sample 
and  7171  of  the  original  strength  for  the  5  mm  one.  During  the  Joining 
process,  the  required  change  in  Lt  and  Lz  was  about  4  cm  as  the 
sample’s  temperature  changed  from  room  temperature  to  the  highest 
Joining  temperature. 

CONCLUSION 

A  new  high  temperature  microwave  applicator  capable  of  being 
internally  tuned  and  matched  over  a  wide  range  of  sample  loading  is 
proposed  and  analyzed.  The  artificial  electric  wall  concept  used  in 
analyzing  an  arbitrarily  positioned  gap  in  the  center  conductor  of  a 
coaxial  cavity  is  proven  valid  for  small  gap  widths.  Using  this 
concept,  a  simple  analytic  equivalent  circuit  model  was  built  to 
predict  the  input  impedance  of  the  applicator.  The  calculated  results 
showed  good  agreement  with  experimental  data.  Owing  to  its  good 
tuning  and  matching  ability,  a  high  heating  efficiency  has  been 
achieved.  Consequently,  direct  ceramic  Joining  of  thin  rods  can  be 
accomplished  with  less  than  60  W  power  at  915  MHz.  This  applicator 
,  can  be  used  in  various  microwave  high  temperature  material  processing 
studies. 
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Microwave  heating  experiments  are  presented  for  several  different 
applicator/load  configurations.  Techniques  are  described  for  measur¬ 
ing  resonant  frequency,  cavity  quality  factor,  and  electric  field  at  the 
sq)plicator  wall.  Theoretical  calculations  of  resonant  frequency  and 
field  patterns  for  coaxially  loaded  rods  are  shown  to  compare  very 
well  with  experiment.  Placement  and  orientation  of  anisotropic 
graphite  fiber  reinforced  epoxy  composite  wafers  for  maximum  power 
absorption  is  established.  Finally,  a  method  for  uniform  heating  of 
large  materials  by  mode-switching  is  demonstrated  for  the  case  of 
nylon  disks  in  TE^]  and  TE21}  modes. 


INTRODUCTION 

It  is  well  known  that  microwave  applicators  have  an  infinite  set  of  resonant  frequen¬ 
cies.  These  resonant  frequencies  provide  the  fundamental  energy  coupling  windows 
into  the  cavity.  Each  single-mode  window  represents  an  electromagnetic  field  focus 
and  allows  energy  input  into  the  cavity  at  a  small  band  of  frequencies  centered  around 
the  resonant  frequency.  When  material  loads  are  placed  in  the  cavity,  and  when  the 
material  is  heated,  the  coupling  windows  change  from  the  empty  cavity  condition  in  a 
poorly  understood  manner. 

In  order  to  improve  understanding  of  microwave  heating  and  processing  of  materials  it 
is  necessary  to  understand  the  singie-mode  behavior  of  these  material  loaded  reson¬ 
ances.  Two  methods  of  developing  and  understanding  material  loaded  applicator 
resonances  are  theoretical  modeling  and  experimental  measurement.  Methods  of 
experimental  measurement  of  singie-mode  material  loaded  resonances  are  described 
here. 
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EXPERIMENTAL  SYSTEMS  AND  MEASUREMENT  TECHNIQUES 


The  experiments  described  here  were  performed  with  a  6"  diameter,  variable  eigen- 
length,  variable  coupling,  circular  cylindrical  cavity  applicator  shown  in  Figures  1  and 
2  [1],  and  with  a  similar  18*  diameter  cavity  applicator  not  shown.  As  shown  in 
Figures  1  and  2  the  6*  cavity  consists  of  a  circular  cylindrical  waveguide  with  a  fixed 
shorting  plate  on  the  bottom,  an  axially  variable  shorting  plate  on  the  top  of  the  cavity 
region,  and  a  variable  penetration  coupling  probe  in  the  side  about  one  quarter  of  a 
wavelength  from  the  bottom.  Small  diapostic  ports  2  mm  in  diameter  are  located  on 
the  wavepide  and  bottom  shorting  plate  of  the  6*  cavity.  These  diagnostic  ports  are 
shown  as  dots  on  the  cavity  walls  in  Fipres  1  and  2. 


Flpre  1.  Rod-Loaded  Cavity.  Fipre2.  Anisotropic  Wafer  Loaded 

Cavity. 


Resonant  frequency  and  cavity  quality  factor  measurements  are  performed  using 
standard  microwave  circuitry  and  power  absorption  spectrum  techniques,  which 
together  with  the  normal  electric  field  measurements  at  the  cavity  w^l,  are  described 
elsewhere  [2].  Only  a  brief  summary  is  given  here.  For  low  power  experiments, 
microwave  energy  is  provided  by  a  sweep  oscillator  connected  via  a  coaxial  transmis¬ 
sion  line  to  the  cavity  coupling  probe.  Incident  and  reflected  power  are  measured  and 
displayed  as  a  function  of  frequency  on  an  oscilloscope.  Resonant  modes  appear  as 
inverted  absorption  dips  on  the  display  which  vary  in  amplitude  as  functions  of  the 
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coupling.  Critical  coupling,  i.e.,  zero  reflected  power,  at  a  desired  frequency  is 
accomplished  by  iterative  adjustment  of  the  cavity  length  and  coupling  probe  penetra¬ 
tion. 

Cavny  quality  factor,  a  measure  of  the  ratio  of  energy  stored  in  the  cavity  and  load  to 
the  energy  dissipated,  is  evaluated  by  measuring  the  width  of  the  critically  coupled 
power  absorption  curve  at  the  half-power  points.  The  cavity  quality  factor  Q  is  then 

A/ 


where /q  is  the  resonant  frequency  and  4/^  is  the  half-power  bandwidth. 


Electric  field  measurements  in  the  interior  of  a  resonant  cavity  are  difficult  to  obtain 
since  most  measurement  techniques  disturb  the  cavity  fields.  However,  it  is  possible 
to  accurately  measiure  the  normal  electric  fields  at  the  cavity  wall  using  a  microcoaxial 
probe.  The  microcoaxial  probe,  shown  in  Figure  3,  is  inserted  into  a  small  port  in 
the  cavity  wall.  The  power  coupled  out  by  the  probe  is  proportional  to  the  square  of 
the  normal  component  of  the  electric  field. 


Figure  3.  Microcoaxial  Field  Probe. 
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EXPEIUMENTAL  MEASUREMENTS 
Cavity-Length  Dielectric  Rods 

Resonant  frequency,  cavity  quality  factor,  and  field  patterns  were  measured  for  a 
variety  of  homogeneous,  isotropic  dielectric  rod  loads  located  coaxially  in  the  cavity 
and  extending  the  cavity  length  as  shown  in  Figure  1.  Study  of  this  configuration  is 
useful  for  several  reasons.  Microwave  processing  of  fibrous  materials  is  often 
accomplished  by  drawing  the  fibers  through  the  cavity  coaxially  in  a  continuous  pro¬ 
cess,  thus  heating  the  material  uniformly  {3].  This  configuration  also  lends  itself  to 
relatively  simple  numerical  modeling  of  the  electromagnetic  fields  in  the  cavity  and 
material. 

Resonant  frequencies  were  measured  for  several  different  cavity  lengths  for  alumina 
rod  loads.  Figure  4  is  a  graph  of  resonant  frequency  versus  cavity  length  for  a  6” 
diameter  cavity  loaded  with  a  0.2S*  diameter  alumina  load.  The  cavity  was  excited  in 
the  TMqii  mode.  Empty  cavity  and  loaded  cavity  theoretical  values  are  plotted  for 
comparison.  The  theoretical  model  of  this  material  loaded  cavity  is  described  in 
another  paper  in  this  proceedings  [4].  As  Figure  4  demonstrates,  measurements 
are  in  excellent  agreement  with  the  theory. 


Figure  4.  Resonant  Frequency  vs.  Cavity  Length  for  Alumina  Rod  Load. 
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The  cavity  quality  factor  was  found  to  be  5,920  for  the  loaded  cavity.  When  empty, 
the  measured  cavity  quality  factor  was  6,120  for  the  TM^{j  mode.  For  the  quality 
factor  measurements,  the  cavity  length  was  k^t  constant  at  the  empty  cavity  2.4S 
GHz  resonant  setting  of  7.8  cm.  The  resonant  frequency  shifted  down  when  the  load 
was  introduced.  The  quality  factor  can  be  considered  a  measure  of  the  coupling 
efficiency  of  the  applicator  according  to  Equation  (2), 


^-100 


(2) 


where  is  the  quality  factor  of  the  loaded  cavity  and  ^  is  the  quality  factor  of  the 
empty  cavity.  From  Equation  (2)  the  value  of  ^for  the  measur^  quality  factors 
given  above  is  3%,  which  is  not  unreasonable  for  a  low  loss  load  like  sintered 
alumina,  particularly  when  the  load  volume  is  much  smaller  than  the  cavity  volume  as 
in  this  case. 

Micro-coaxial  field  probe  measurements  were  made  for  a  variety  of  rod-shaped 
material  loads  including  quartz  (£f=3.8-jO.O(X)23),  tefion  (ey=2.1-j0.0003),  nylon 
(£,=3-j0.039),  ethyl  alcohol  (e,=6.5-jl.65),  and  ethylene  glycol  (£,=  14.5-jl4.6) 
along  the  axial  direction  for  a  cavity  excited  in  the  TMoj2  mode.  Figure  5  shows  the 
familiar  standing  wave  pattern  for  the  TMoj2  mode  for  loadings  with  nvoderate 
dielectric  constant  and  low  to  high  dielectric  loss  [5]. 


Figure  5.  Normalized  Axial  Field  Probe  Measurements  for  Several  Load  Materials. 
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Fidd  Patterns  in  a  Composite  Loaded  Resonant  Cavity 

Theoretical  modds  are  very  difficult  to  develop  for  certain  material  properties  and 
shapes.  One  such  material  load,  shown  in  Figure  2,  is  a  3’  square  1/16*  thick 
unidirectional  graphite  fiber  reinforced  epoxy  composite  wafer.  This  anisotropic 
material  load  dramatically  changes  the  resonant  frequencies  of  the  empty  cavity  and 
experimental  measurements  are  required  to  determine  the  material  load^  resonances. 
Examples  of  single-mode  measurements  are  presented  here  for  the  material  loaded 
mode  that  is  closdy  related  to  the  empty  cavity  TEji2  mode. 

Measurements  of  the  radial  dectric  field  patterns  on  the  inside  wall  of  the  resonator 
are  shown  in  Figure  2.  The  composite  was  supported  in  the  cavity  by  thin  rods  so 
that  its  height  and  orientation  could  be  continuously  varied.  The  cavity  was  excited 
with  a  sweep  oscillator  at  2.45  GHz  cw.  Output  from  the  microcoaxial  field  probe 
was  displayed  on  a  digital  power  meter. 

It  was  observed  that  E,  was  gready  reduced  at  the  cavity  wall  when  the  composite 
sample  was  placed  in  foe  cavity.  The  sum  of  the  field  measurements  around  foe 
circumference  is  plotted  in  Figure  6  for  different  sample  heights,  showing  a  minimum 
at  about  1/2  cm  for  fiber  orientation  perpendicular  to  the  input  probe  axis,  and  at 
about  3/4  cm  for  fibers  parallel  to  foe  probe  axis.  The  material  loaded  quality  factor 
showed  a  minimum  of  300  for  a  sample  height  of  1/2  to  3/4  cm  when  the  fibers  were 
parallel  to  foe  coupling  probe,  and  less  than  200  for  any  sample  height  when  the 
fibers  were  perpendicular  to  foe  input  probe,  Figure  7.  The  input  probe  length  did 
not  show  a  well  dedned  trend,  as  it  was  varied  for  loaded  cavity  impedance  matching. 


Figure  6.  Sum  of  E,  measurements  around  circumference  at  2.7  cm  above  the 
applicator  bottom  as  a  function  of  sample  height. 
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Figure  7.  Givity  quality  factor  as  a  function  of  sample  height.  TEtj2  in  a 
6-inch  diameter  cavity. 


Overall,  measurements  of  the  radial  electric  field  component  at  the  cavity  wall  and 
loaded  cavity  quality  factor  indicate  a  sample  height  of  1/2  to  3/4  cm  for  optimum 
energy  coupling  to  foe  sample,  as  indicated  by  foe  reduction  in  foe  magnitudes  of  foe 
field  measured  at  foe  cavity  wall  and  foe  quality  factor.  More  energy  was  coupled  to 
foe  sample  when  foe  fibers  were  perpendicular  to  foe  input  probe,  though  power 
absorption  was  very  high  for  either  fiber  orientation  Oo^ed  Q  less  than  300). 

Figure  8  displays  foe  resonant  cavity  length  as  foe  wafer  was  elevated  in  foe  cavity. 
When  a  dielectric  is  placed  inside  a  resonant  cavity  foe  resonant  length  decreases. 
When  a  conductor  is  placed  inside  a  resonant  cavity  foe  resonant  length  may  either 
increase  or  decrease  depending  on  where  foe  sample  is  placed.  Figure  8  shows  that 
foe  conductivity  of  foe  graphite  fibers  dominated  foe  dielectric  constant  of  foe  epoxy, 
causing  an  increase  in  foe  cavity  resonant  length. 

Investigation  of  Single-Mode  Heating  Patterns 

A  fundamental  problem  in  microwave  heating  is  nonuniform  energy  distribution  lead¬ 
ing  to  nonuniform  heating  patterns.  One  means  of  overcoming  this  difficulty  is  to 
process  large  materials  using  several  different  heating  modes  alternately.  Since  each 
mode  has  a  unique  energy  distribution,  switching  in  time  between  certain  individual 
modes  can  provide  a  more  uniform  heating  pattern  than  any  one  mode  by  itself.  This 
mode-switching  can  take  place  by  either  excitation  frequency  switching  or  by  length 
tuning  foe  cavity.  The  following  measurements  demonstrate  how  foe  alternate  use  of 
two  different  modes  to  heat  nylon  disks  can  provide  more  uniform  heating. 

A  7”  diameter  nylon  disk  0.25’  thick  was  placed  in  foe  center  of  an  18*  diameter 
cavity  excited  in  foe  TEjjj  mode  at  915  MHz  with  40  W  of  input  power.  Figure  9 
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Figure  8.  Cavity  resonant  length  as  a  function  of  sample  height  for  TEjj2  mode  in 
a  6-ioch  diam^r  cavity. 


shows  a  cross-sectional  view  of  tlie  cavity  and  disk  with  the  temperature  measurement 
positions,  labeled  1  through  4,  shown  as  oriented  with  respect  to  the  coupling  probe. 
Also  shown  in  Figure  9  is  a  cross-sectional  diagram  of  the  field  patterns  for  the  TEj^j 
mode;  this  diagram  is  oriented  as  the  coupling  probe  in  Figure  9  would  excite  the 
mode.  The  electric  field  is  strongest  in  the  center  of  the  disk  at  position  1.  90°  away 
from  the  coupling  probe  near  the  cavity  wall,  where  there  is  no  temperature  measure- 
moit  position  for  this  omfiguration,  the  electric  field  is  weakest. 


Figure  9.  Nylon  Disk  Configuration  for  TEjjj  Heating. 
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Figure  10  is  a  plot  of  the  measured  temperatures  versus  time  for  die  heating  configu¬ 
ration  shown  in  Figure  9.  Temperature  measurement  positions  corresponding  to  those 
shown  Figure  9  are  indicated  in  Figure  10.  The  temperature  measurements  corre¬ 
spond  to  what  would  be  expected  from  the  TEju  mode,  with  the  highest  temperature 
being  in  the  center  at  position  1  and  the  lowest  at  position  4. 
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Figure  10.  Temperature  Measurements  for  Configuration  Shown  in  Figure  9. 


A  similar  experiment  was  conduaed  using  the  TE2]i  mode  which  has  an  electric  field 
configuration  and  orientation  with  respect  to  the  coupling  probe  as  shown  in 
Figure  11.  For  TE211,  the  electric  field  is  weakest  in  the  center  of  the  cavity,  while 
for  TEm  it  was  strongest.  TE^]]  is  better  for  heating  the  edges  of  the  disk  than  the 
center. 

The  temperature  measurements  for  the  configuration  of  Figure  1 1  are  plotted  in 
Figure  12.  Again,  the  expectation  from  examination  of  the  electric  field  pattern  of 
TE211  is  borne  out  in  the  temperature  measurements.  Figure  12  shows  that  the  lowest 
temperatures  were  toward  the  center  of  the  disk  while  the  warmest  regions  were  on 
the  edges.  Other  measurements,  not  shown  here,  for  the  same  modes  but  for  temper¬ 
ature  measurement  positions  at  different  orientations  with  respect  to  the  coupling 
probe,  also  demonstrate  the  heating  pattern  expected  from  examination  of  the  modal 
electric  fields. 

These  Figures  demonstrate  the  complementary  nature  of  single-mode  heating  with 
different  modes.  It  is  likely  that  a  judicious  combination  of  heating  modes  which  will 
produce  uniform  heating  under  proper  time  constraints  can  be  found  for  most  cavi¬ 
ty/load  configurations.  This  procedure,  called  mode-switching,  preserves  the  control¬ 
lability  and  simplicity  of  single-mode  heating  while  at  the  same  time  making  it  possi¬ 
ble  to  heat  many  materials  uniformly. 
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Figure  11.  Nylon  disk  Configuration  for  TE21J  Heating. 


Time  (sec) 

Figure  12.  Temperature  Measurements  for  Configuration  Shown  in  Figure  11. 


SUMMARY 

Measurement  techniques  in  lossy  material-loaded  cavity  applicators  have  been 
described  for  a  variety  of  ^plicator/load  configurations  and  material  properties.  Even 
for  highly  lossy  material  loads  with  low  cavity  quality  factors,  it  was  still  possible  to 
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measure  well-defined  standing  wave  field  patterns.  Tlieoretical  resonant  frequency 
calculations  were  shown  to  compare  very  well  with  experimental  measurements  for 
rod  loads  extending  the  length  of  the  cavity.  Optimum  energy  coupling  to  unidirec¬ 
tional  grtqihite  fiber  reinforced  epoxy  composite  wafers  was  achieved  by  experimental 
trials  of  placement  and  fiber  orientation.  Finally,  it  was  shown  that  single-mode 
heating  patterns  may  be  combined  by  mode-switching  to  uniformly  heat  large  material 
loads. 


1.  Cavity  drawings  by  Leonard  Mahoney.  A  detailed  description  of  the  cavity  and 
location  of  the  dicgnostic  ports  is  given  in  L.  Frasch,  Ph.D.  Dissertation,  Mi^igan 
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ABSTHACT 

Process  systems  utilizing  high  Q  cavities  can  be  subject  to  dif¬ 
ficulty  in  tuning,  resulting  in  reduced  operational  stability  and 
power  coupling.  The  relationships  between  :]agnetron  operation  and 
cavity  Q  are  discussed,  as  well  as  the  effects  of  insufficient 
magnetron  isolation,  varying  magnetron  output  frequency  and  the 
phenomenon  known  as  the  long  lines  effect.  Techniques  to  improve 
system  performance  are  also  discussed,  including  those  for  in¬ 
creased  isolation,  constant  frequency  operation  and  variable  Q. 

BACKGROUND 

Most  applications  of  microwave  power  in  industrial  htating  pro¬ 
cesses  involve  the  use  of  relatively  crude  and  inefficient  micro- 
wave  process  cavities.  However,  in  recent  years  the  development 
of  microwave  processes  for  a  variety  of  new  applications  has  led 
to  new  designs  of  high  efficiency  cavities.  The  need  for  such 
cavities  stems  from  the  desire  to  apply  relatively  large  amounts 
of  microwave  power  to  materials  which  do  not  readily  absorb  such 
power.  Examples  of  these  "low  loss"  materials  include  high  purity 
ceramics,  certain  plastics  and  other  materials  which  can  be  char¬ 
acterized  as  having  a  loss  tangent  of  less  than  10-*  [1] .  Even 
high  loss  materials  can  require  a  high  efficiency  cavity  if  the 
amount  is  small  compared  to  the  size  and/or  volume  of  the  cavity. 

The  use  of  high  efficiency  cavities  in  conjunction  with  other 
equipment  commonly  found  in  industrial  microwave  process  systems 
makes  evident  certain  limitations  in  overall  system  performance 
which  previously  were  seldom  encountered.  Operators  of  such  sys¬ 
tems  have  experienced  difficulty  in  tuning  a  load  to  m  .imize 
power  coupling  and  have  experienced  tuning  instability  once  a 
match  had  been  found.  The  use  of  a  few  relatively  simple  tech¬ 
niques  involving  comson  microwave  system  components  can  reduce  or 
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ellainate  many  of  these  problems. 

Cavity  Q 

Relating  the  difficulties  and  instabilities  of  tuning  to  the  ef¬ 
ficiency  of  a  uicrovave  process  cavity  can  best  be  done  by  defin¬ 
ing  a  quality  factor,  Q,  in  terms  of  the  amount  of  energy  stored 
in  and  lost  to  the  cavity  [2] .  A  microwave  cavity  can  be  de¬ 
scribed  as  a  resonant  circuit  element  in  a  microwave  network, 
where  the  frequency  of  resonance  of  the  element  is  a  function  of 
its  characteristic  complex  impedance.  The  Q  of  any  resonant  cir¬ 
cuit  at  the  frequency  of  resonance  is  defined  as 

Energy  Stored 

Q  s  2lt'X  -  (1) 

Energy  Dissipated 

When  a  load  is  present  in  the  cavity  the  Q  of  the  resonant  circuit 
is  a  function  of  the  total  energy  absorbed  by  both  the  cavity  and 
the  load.  However,  when  the  cavity  is  empty  the  Q  is  a  function 
of  the  energy  dissipated  to  the  cavity  itself. 

In  cases  where  the  load  is  highly  absorptive  of  microwave  energy 
the  total  energy  dissipated  will  be  high,  thus  the  Q  will  be  low, 
regardless  of  the  Q  of  the  cavity.  Otherwise,  if  the  load  does 
not  readily  absorb  microwave  energy  then  the  Q  of  the  resonant 
circuit  will  be  more  dependent  upon  the  losses  to,  hence  the  ef¬ 
ficiency  of,  the  cavity. 

Power  Coupling 

The  Q  of  any  resonant  circuit  can  also  be  described  in  terms  of 
the  bandwidth  of  the  circuit  [3].  That  is. 

Resonant  Frequency  fr 

Q  =  -  =  -  (2) 

Half-Power  Bandwidth  (fi  -  fz) 

as  illustrated  in  Figure  1.  The  maximum  amount  of  the  transmitted 


Figure  1.  Bandwidth  comparison  between  resonant 
cavity  and  microwave  power  source. 
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power  which  can  be  absorbed  by  the  resonant  circuit  as  a  function 
of  frequency  is  represented  by  the  curve. 

The  importance  of  the  above  relationship  is  apparent  when  compared 
to  the  output  frequency  spectrum  of  a  typical  microwave  power  gen¬ 
erator.  The  power  output  of  the  generator  as  a  function  of  fre¬ 
quency  is  also  represented  by  its  output  spectrum  curve.  If  the  Q 
of  the  loaded  cavity  is  high  then  its  bandwidth  can  be  small  as 
compared  to  the  band  of  energy  generated  by  the  power  source.  The 
result  is  that  only' a  small  percentage  of  the  power  generated  will 
be  absorbed  by  the  loaded  cavity  [4] . 

K&6NETR0N  OPERATION 

A  magnetron  is  also  considered  to  be  a  resonant  cavity  [5] .  Under 
normal  operating  conditions  a  magnetron's  resonant  frequency  of 
oscillation  is  determined  primarily  by  its  physical  characteris¬ 
tics  of  size,  shape,  materials  of  construction,  etc.  Other  fac¬ 
tors  which  can  influence  the  output  frequency  include  output  power 
level,  cooling  temperature,  waveform,  age  and  reflected  power.  The 
output  frequency  of  a  typical  magnetron  operating  nominally  at 
2.45  GHz  can  vary  as  much  as  30  MHz. 


Single  Phase,  SrPhase  Delta-V/ye  Triode-regulated 

full-wave  rectified  full-wave  rectified  (1%  ripple) 

(pulsed  output)  (15%  ripple) 

(a)  (b)  (c) 

Figure  2.  Magnetron  output  frequency  spactrums. 

Figures  2a  thru  2c  illustrate  typical  output  frequency  spectrums 
for  magnetrons  powered  by  different  types  of  power  supplies. 

Because  a  magnetron  is  a  resonant  cavity  it  also  has  an  associated 
Q  which  can  vary  depending  on  the  conditions  under  which  it  is  op¬ 
erating.  Thus,  the  output  frequency  spectral  bandwidth  can  vary 
depending  on  operating  conditions. 

The  important  relationship  to  consider  is  that  between  the  output 
frequency  and  spectral  bandwidth  of  the  magnetron  and  the  band¬ 
width  of  tuning  of  a  resonant  cavity.  Figure  3  illustrates  the 
relationship  between  a  magnetron  operating  at  2.45  GHz  with  a 
spectral  bandwidth  as  shown  in  Figure  2c  and  a  cavity  with  a  Q  of 
6,000.  It  is  clear  that  power  coupling  can  be  reduced  dramatic¬ 
ally  for  relatively  small  shifts  in  output  frequency. 
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Load  frequency  spectrum 


Frequency  (f,s  resonant  frequency  of  load) 


Figure  3.  Magnetron  output  frequency  operating  range. 


Reflected  Power 


The  effect  of  reflected  power  on  the  operation  of  a  magnetron  can 
best  be  predicted  using  a  Rieke  Diagram  [6]  such  as  that  shown  in 
Figure  4.  The  Rieke  Diagram  describes,  for  a  given  plate  voltage 
and  current,  the  relationships  between  a  magnetron's  actual  power 
output  and  oscillation  frequency  and  the  amplitude  and  phase  of 
reflected  power.  The  amplitude  of  reflected  power  is  represented 
by  annular  rings  in  terms  of  VSWR  while  its  phase  'with  respect  to 
the  magnetron  is  represented  by  radial  lines  where  a  full  360  de¬ 
grees  equals  one  half  wavelength. 


C«nMr  of  output  dome 


Figure  4.  Rieke  Diagram  for  Figure  5.  Magnetron  frequency 

2M131  magnetron.  locking. 


Reflected  power  for  a  particular  case  is  represented  by  a  point  on 
the  diagram  which  corresponds  to  its  phase  and  Voltage  Standing 
Wave  Ratio  (VSWR) .  The  frequency  and  power  lines  which  intersect 
that  point  represent  the  operating  point  of  the  magnetron.  In  the 
case  of  operation  with  a  high  Q  cavity,  a  relatively  small  amount 
of  reflected  power  can  cause  enough  of  a  shift  in  output  frequency 
to  reduce  power  coupling  to  the  load.  The  shift  in  output  fre¬ 
quency  is  commonly  referred  to  as  "pulling”  of  the  magnetron. 
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Daring  the  process  of  tuning  the  load  the  auplitude  and/or  phase 
of  reflected  power  can  change.  Depending  on  the  region  of  the 
Rieke  Diagram  in  which  this  occurs,  the  result  can  be  that  of  fre¬ 
quency  locking  which  is  characterized  as  a  sudden  loss  of  coupling 
after  a  small  change  in  tuning.  An  example  of  this  phenomenon  is 
illustrated  in  Figure  5  where  the  desired  path  of  toning  is  from 
point  A  towards  the  center.  At  the  beginning  of  the  path  the  mag¬ 
netron  output  frequency  shifts  enough  to  begin  a  reduction  in 
coupling  to  the  load.  If  tuning  continues  past  point  B  then  the 
change  in  frequency-  and  the  loss  in  coupling  tend  to  reinforce 
each  other  causing  an  uncontrolled  jump  to  point  C. 

Long  Lines  Effect 

Instability  of  the  magnetron  output  frequency  can  also  occur  in 
situations  which  allow  the  magnetron  to  operate  at  more  than  one 
nominal  frequency.  System  configurations  in  which  the  actual  dis¬ 
tance  between  the  magnetron  and  the  load  is  significantly  long  can 
cause  frequency  jumping  and/or  a  complete  breakdown  of  the  output 
spectrum  [7] .  The  region  of  unstable  magnetron  operation  as  de¬ 
fined  by  the  Rieke  diagram  becomes  significantly  enlarged  when  the 
magnetron  is  subjected  to  the  long  lines  phenomenon  [8] . 

TECHNIQUES  TO  IMPROVE  PERFORMANCE 

From  the  above  discussions  it  is  apparent  there  are  several  fac¬ 
tors  which  affect  the  performance  of  high  Q  processing  systems, 
primarily  the  spectral  bandwidth  of  both  magnetrons  and  cavities 
and  the  effect  of  reflected  power  on  the  operation  of  the  magne¬ 
tron.  The  following  concepts  can  be  implemented  either  individu¬ 
ally  or  simultaneously  to  help  improve  overall  system  performance. 

Magnetron  Isolation 

Wien  operated  into  a  matched  load  a  magnetron's  frequency  perform¬ 
ance  is  primarily  determined  by  the  magnetron  power  supply  and 
cooling  system.  The  adverse  effects  of  reflected  power  on  output 
power  and  frequency  stability  gives  rise  to  the  need  for  adequate 
magnetron  isolation.  The  minimum  isolation  required  for  a  certain 
situation  depends  upon  factors  such  as  magnetron  output  frequency 
spectral  bandwidth,  magnetron  power  output  level,  cavity  Q  and 
maximum  expected  reflected  power. 

The  use  of  a  3-port  circulator  and  dummy  load  to  isolate  the  mag¬ 
netron  from  reflected  power  is  relatively  common  for  high  power 
processing  systems  [9]  as  shown  in  Figure  8.  The  performance  of 
the  circulator  and  dummy  load  together  is  determined  by  measuring 
the  attenuation  of  reflected  power  (in  db)  for  all  phases  of  re¬ 
flection.  A  typical  circulator  designed  for  industrial  use  pro¬ 
vides  16  to  20  db  of  isolation  while  high  performance  circulators 
designed  for  laboratory  use  can  provide  25  to  30  db  of  isolation 
at  all  phases  of  reflected  power. 

Figure  6a  illustrates  how  the  attenuation  varies  as  a  function  of 
the  phase  of  reflected  power  for  a  typical  high  performance  circu- 
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lator  and  dunuty  load.  For  most  applications  an  adjustment  in  the 
length  of  the  waveguide  between  the  circulator  and  the  cavity  may 
be  necessary  in  order  to  maximize  isolation  for  the  specific  phase 
of  the  load  impedance. 


Phase 


TWO  sets  phase-adjusted  for 


(a)  (b) 

Figure  6.  Circulator/dummy  load  performance 
vs  phase  of  reflected  power. 


In  some  processes  the  complex  impedance  of  a  load  can  undergo  a 
phase  shift,  for  example  as  it  is  heated.  It  is  possible  to  have 
sufficient  isolation  at  the  beginning  of  the  process  so  that  power 
is  coupled  to  the  load  and  then  to  lose  isolation  as  the  load  im¬ 
pedance  shifts  in  phase,  thus  causing  a  loss  in  power  coupling. 

It  is  for  this  reason  that  more  than  one  circulator  and  dummy  load 
combination  has  been  used  in  a  single  system  solely  for  the  pur¬ 
pose  of  magnetron  isolation.  By  adjusting  the  length  of  waveguide 
between  the  two  circulators,  the  isolation  can  be  maximized  at  all 
phases  of  reflection  as  shown  in  Figure  Gb. 


Constant  Frequency  Operation 


A  fundamental  characteristic  of  all  magnetrons  is  that  their  out¬ 
put  center  frequency  varies  with  the  level  of  output  power  as 
shown  in  Figure  7.  As  noted  previously,  such  variation  in  output 


Figure  7.  Magnetron  power  vs  Figure  8.  Typical  MW  system  tor 
frequency.  laboratory  use. 
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frequency  is  unacceptable  for  most  high  Q  processes.  However, 
variations  in  power  level  are  a  necessary  requirement  in  many 
processes.  One  solution  is  to  operate  the  microwave  power  source 
at  full  power  and  pulse  the  magnetron  to  achieve  a  variation  in 
average  power.  This  solution,  however,  may  not  be  acceptable  for 
reasons  relating  to  process  requirements. 

An  alternate  technique  which  provides  continuously  variable  power 
output  at  a  fixed  frequency  also  involves  operation  of  the  power 
source  at  full  output.  Figure  8  illustrates  a  configuration  which 
utilizes  an  additional  circulator.  Instead  of  connecting  the  pro¬ 
cess  cavity  to  port  2  as  is  usually  the  case,  the  load  is  con¬ 
nected  to  port  3.  Connected  to  port  2  is  a  dummy  load  which  is 
allowed  to  absorb  all  of  the  power  generated  by  the  power  source 
operating  at  full  output.  By  inserting  a  tuning  stub  into  the 
waveguide  of  the  duiusy  load,  power  is  reflected  back  to  the  circu¬ 
lator  where  it  is  diverted  to  port  3.  The  power  then  exits  port  3 
and  is  applied  to  the  load  in  the  cavity. 

Another  advantage  of  the  above  technique  is  that  it  provides  a 
waveform  with  a  ripple  content  which  is  a  fixed  percentage  of 
power  applied  to  the  load.  The  power  supplies  used  to  generate 
the  frequency  spectrums  shown  in  Figure  2b  and  2c  provide  a  wave¬ 
form  ripple  which  has  a  fixed  peak-to-peak  amplitude,  regardless 
of  the  level  of  power  output.  Without  the  use  of  the  above  tech¬ 
nique  the  ripple  may  be  acceptable  at  or  near  full  power  but  per¬ 
haps  not  at  some  intermediate  power  level. 

Magnetron  Cooling  System 

As  mentioned  earlier,  a  magnetron’s  output  frequency  is  effected 
by  changes  in  the  temperature  of  the  cooling  medium.  All  magne¬ 
trons  require  an  external  cooling  system,  usually  either  forced 
air  or  running  water,  to  adequately  dissipate  the  heat  generated 
during  operation.  The  output  frequency  of  a  typical  magnetron  can 
change  by  as  much  as  250  kHz  per  degree  Celsius  change  in  inlet 
temperature  of  the  air  or  water.  For  this  reason  it  is  important 
that  the  cooling  system  be  designed  to  ensure  adequate  temperature 
regulation.  For  the  same  reason  it  is  important  that  the  ambient 
conditions  also  remain  as  stable  as  possible. 

Variable  Q 

Some  situations  can  exist  in  which  the  cavity  and  load  Q  is  so 
high  that  tuning  and  operational  instability  seems  insurmountable. 
In  such  cases  it  may  be  possible  to  reduce  the  Q  while  maintaining 
vital  process  parame’ers,  thereby  improving  both  tuning  and  oper¬ 
ational  stability.  Referring  to  equation  1,  a  reduction  in  Q  can 
be  achieved  by  increasing  the  amount  of  power  dissipated  by  the 
system,  either  by  increasing  the  size  or  loss  characteristics  of 
the  load  or  by  increasing  the  losses  to  the  surroundings.  The 
former  may  be  unacceptable  for  process  reasons  while  the  latter 
can  be  accomplished  using  a  few  simple  techniques. 

Figure  8  shows  a  process  cavity  consisting  of  two  ports.  The 
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first  port  is  used  for  power  entry.  A  duauRy  load  is  connected  to 
the  second  port  and  is  used  to  increase  the  total  amount  of  power 
absorbed  by  the  cavity.  By  inserting  an  iris  plate  between  the 
dummy  load  and  the  cavity  the  amount  of  power  absorbed  can  be 
decreased,  thereby  increasing  the  overall  Q  of  the  cavity.  The 
operator  can  experiment  with  irises  of  various  sizes  until  the  op¬ 
timum  Q  of  the  cavity  is  reached. 

The  drawback  of  the  variable  Q  technique  is  that  the  cavity  field 
strength  is  decreased  as  Q  is  decreased.  This  can  be  made  up  for 
by  increasing  the  power  delivered  to  the  cavity.  The  net  result 
is  a  reduction  in  the  overall  efficiency  of  the  system. 

Vaveguide  Length 

To  avoid  the  problems  associated  with  the  long  lines  effect  the 
microwave  processing  system  should  be  designed  to  minimize  the 
length  of  waveguide  between  the  magnetron  and  the  process  cavity. 
The  critical  length,  i.e.  the  length  at  which  unstable  operation 
begins  to  occur,  depends  upon  factors  such  as  magnetron  operating 
characteristics,  waveguide  components  utilized  and  vaveguide  size. 

sumiARy 

The  difficulties  in  tuning  and  operation  of  systems  utilizing  high 
Q  cavities  is  caused  primarily  by  a  narrowing  of  the  resonant 
bandwidth,  thus  creating  difficulties  in  coupling  power  to  the 
load.  These  difficulties  can  be  overcome  through  stabilization  of 
the  operating  frequency  of  the  magnetron  by  sufficiently  isolating 
it  from  reflected  power,  by  allowing  it  to  operate  at  a  fixed 
level  of  power  output  and  by  stabilizing  the  external  conditions 
under  which  the  magnetron  is  operating.  Alternately,  by  reducing 
the  Q  of  the  cavity  the  resonant  bandwidth  can  be  increased,  thus 
offering  greater  ease  in  tuning  and  operational  stability. 
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A  Microwave  Thermogravimetric  Analyzer  (MTGA)  has  been  constructed,  which  allows  for 
the  measurement  of  weight  change  of  a  sample  located  within  a  2.45  GHz  microwave  cavity, 
as  a  function  of  temperature.  Samples  in  the  powdered  or  compact  form,  are  heated  by 
microwavt  hybrid  heating  (MHH).  These  samples  are  placed  inside  an  inert  holder  and 
subjected  to  a  known  reproducible  thermal  profile,  which  allows  the  material  to  be 
characterized.  Changes  in  sample  weight  may  occur  due  to  oxidation,  decomposition, 
reduction,  volatilization,  sublimation  and/or  reactions  within  the  sample.  Results  of  a  binder 
removal  study  and  the  MTGA  will  be  discussed. 

INTRODUCTION 

The  processing  and  fabrication  of  materials  with  microwaves  is  becoming  more  important, 
and  will  become  even  more  important  over  the  next  five  to  ten  years.  Potential  advantages 
of  microwave  processing  of  materials,  especially  ceramic  materials  include  economic,  ultra¬ 
rapid  heating,  uniform  and  volumetric  heating  1 1,2).  Economic  advantages  may  be  realized 
in  lower  energy  cost  an-?  shorter  processing  times.  The  ultra-rapid  heating  of  materials  may 
result  in  enhanced  materials  properties.  Uniform  and  volumetric  heating  may  result  in 
materials  being  produced  with  fewer  flaws  and  defects. 

The  overall  objective  of  our  research  in  the  area  of  microwave  processing  of  materials  is  to 
better  understand  how  microwaves  interact  with  materials.  A  more  specific  goal,  of  this 
paper,  is  to  understand  how  microwaves  interact  with  the  polymethyl  methacrylate 
(PMMA)/alumina  system  to  effect  the  pyrolysis,  decomposition,  removal  or  burnout  of  the 
PMMA  binder.  Several  binder  removal  studies  have  been  done  on  polymeric  binder(s)  and 
alumina,  including  the  PMMA/alumina  system  |3,44).  With  this  purpose  in  mind,  a  first 
generation  MTGA  apparatus  has  been  developed. 

The  MTGA  apparatus  allows  for  a  material  to  be  characterized  in  a  2.45  GHz  microwave 
cavity.  The  materials  weight  change  may  be  monitored  as  a  function  of  both  time  and 
temperature.  Any  process  utilizing  microwave  energy  as  a  heating  source,  that  results  in  a 
weight  change  in  the  material,  may  be  analyzed  with  a  MTGA  type  apparatus.  Future 
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additions  of  characterization  equipment  to  the  MTGA  may  allow  chemical  information  to  be 
obtained. 

Since  small  samples  are  often  hard  to  heat  in  a  microwave  cavity,  a  susceptor  has  been  used 
to  aid  in  heating  the  samples.  Therefore,  microwave  hybrid  heating  (MHH),  a  combination 
of  both  thermal  and  microwave  (MW)  heating  will  be  utilized  for  all  samples  placed  into  the 
MTGA  apparatus. 

EXPERIMENTAL  PROCEDURE 

This  section  of  the  paper  will  essentially  be  written  in  two  parts.  The  first  part  will  cover 
the  apparatus,  that  is  the  MTGA,  and  the  second  part  will  deal  with  experimental 
procedures. 

Apparatus 

Refer  to  Figure  1,  which  is  a  schematic  of  the  MTGA  apparatus.  A  Zenith'  computer  (A) 
has  been  interfaced  with  a  Mettler^  electronic  balance  (B)  to  record  weight  every  30  seconds. 
This  data  is  sent  directly  into  a  spreadsheet  program,  in  real  time,  and  the  weight  versus  time 
data  can  he  plotted.  A  temperature  display  (G),  that  is  an  Omega^  thermocouple 
thermometer,  is  connected  to  both  a  temperature  controller  (1)  and  a  y-t  plotter  (H).  The 
temperature  controller  is  an  Omega^  microprocessor  based  temperature  controller  and  the 
y-t  plotter  is  a  Fisher’  y-t  recorder.  The  y-t  plotter  allows  temperature  versus  time  data  to 
be  plotted  and  the  temperature  controller  is  interfaced  w  ith  the  electronic  smart  board  of  the 
G.E.*  microwave  oven  <J)  to  control  the  processing  temperature  of  the  sample  (E)  being 
processed  in  the  MTGA  apparatus.  The  electronic  balance  (B),  temperature  display  (G)  and 
the  temperature  controller  (1)  are  isolated  from  the  microwave  cavity  (J)  and  supported  by 
the  cabinet  (D).  Holes  have  been  drilled  through  the  cabinet  (D)  and  through  the  roof  of  the 
microwave  cavity  (J).  A  pyrex  glass  sample  holder  rod  (K),  with  hooks  on  both  ends,  is 
suspended  from  the  base  of  the  electronic  balance  <B)  into  the  microwave  cavity  (J).  A  pyrex 
glass  sample  holder  (M)  is  connected  to  the  sample  holder  rod  (K)  and  samples  (E)  of  either 
powders  in  a  crucible  or  compacts  may  be  suspended  from  the  electronic  balance  (B). 
Alumina  insulation  (N)  isolates  the  susceptor  (L)  and  the  susceptor  base  (F)  from  the  floor 
of  the  microwave  cavity  (J).  The  susceptor  (L)  is  simply  a  zirconia  cylinder,  with  a  thin 
coating  of  ^-SiC  paste  on  the  inner  walls  of  the  susceptor  (L).  The  susceptor  (L)  has  been 
cut  in  half  through  the  center  of  its  top  and  a  hole  has  been  cut  into  the  center  of  the  top  of 
the  susceptor  (L)  to  allow  the  sample  holder  rod  (K)  and  the  shielded  K-type  Omega^ 
thermocouple  (C)  to  be  suspended  inside  of  the  susceptor  (L).  The  thermocouple  (C)  is  also 


'Zenith  Electronics  Corp.,  Glenview,  IL  Model  #  ZF-158-42 
*Mettler  Instrument  Co.,  Hightstown,  NJ  Model  #  PE  360 
’Omega  Engineering,  Inc.,  Stamford,  CT  Model  #115  KC 
^Omega  Ejigineering,  Inc..  Stamford,  CT  Model  #  CN  9000 
’Houston  Instrument,  Austin,  TX  Model  #  B5137-5I 
*General  Fllectric  Co.,  Louisville,  KY  Model  #  JE1445 
’Omega  Engineering,  Inc.,  Stamford,  CT  Part  #  XCIB-K-1-4-3 
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A  -  Computer  H  -  y-t  Plotter 

B  •  Electronic  Balance  I  •  Temperature  Controller 

C  •  Thermocouple  J  •  Microwave  Cavity 

D  •  Cabinet  K  -  Sampie  Holder  Rod 

E  •  Sample  L  -  Susceptor 

F  •  Susceptor  Base  M  •  Sample  Holder 

G  •  Temperature  Display  N  •  Insulation 

Figure  1.  Microwave  Thermogravimetric  Analyzer  (MTGA). 

connected  to  the  temperature  controller  (1),  used  to  monitor  the  samples  (F.)  temperature  and 
enters  through  a  hole  located  in  the  back  wall  of  the  microMave  cavity  (J).  The  microwave 
cavity  (J)  has  a  power  of  700  watts.  The  resolution  of  the  electronic  balance  (B)  is  0.001 
milligrams  and  it  has  a  360  gram  capacity. 

Procedure 

Refer  to  Figure  2,  which  is  an  Experimental  Design  Flowchart.  Sumitomo*  alumina  powder, 
with  a  median  diameter  of  0J2  pm,  as  determined  by  x*ray  sedigraph’,  was  utilized  in  all 
sample  preparations.  The  alumina  powder  was  calcined  at  1050°C  for  24  hours  in  a  3500 
watt  Lindberg'®  Oven.  DuPont"  poiymethyl  methacrylate  (PMMA)  binder  was  used  in  all 
sample  preparations,  and  was  dri^  at  50°C  for  24  hours,  in  a  Blue  M  Oven".  The  PMMA 
was  mixed  with  chloroform  in  a  Nalgene  bottle.  Both  the  solvent  and  the  bottles,  that  is 


'Sumitomo  Chemical  America,  Inc..  New  York.  NY  Item  #  AKP-30 
*Micromeritics  instrument  Corp.,  Norcross,  GA  Model  #  SediGraph  5100 
"Lindberg,  Watertown,  WI  Type  #  51894 
"DuPont  Co.,  Wilmington.  DE  Item.  #  Elvacite  2010 
"Blue  M  Electric  Co.,  Blue  Island,  IL  Model  #  OV*I8A 
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Figure  2.  Experimental  Design  Flouchart. 


chloroform*’  and  Nalgene”  bottles,  respectively,  were  supplied  by  Fisher  ScientiFic  Inc.  Once 
the  PMMA  dissolved  in  the  chloroform,  the  alumina  powder  was  mixed  into  the  viscous 
solution  and  the  mixture  was  wet  roll  milled  for  24  hours  on  a  U.S  Stoneware”  roll  mill.  The 
contents  of  the  Nalgene  bottle  were  then  poured  onto  a  sheet  of  mylar  Dim,  which  covered 
a  piece  of  plate  glass.  The  PMMA.  alumina  and  chloroform  mixture  was  allowed  to  air  dry 
under  a  hood  for  24  hours.  The  mixture  was  then  placed  into  a  Blue  M  oven  and  dried  at 
SO’C  for  24  hours,  to  remove  any  residual  solvent  or  moisture.  The  mixture  was  then  ground 
to  less  than  50  mesh,  which  corresponds  to  less  than  300  4m  sized  mesh  openings,  with  a 
mortar  and  pestle.  Either  powder  samples  were  used  or  compact  samples  were  pressed,  at 


*’Ffaher  Scientific  Co..  Fair  Lawn,  NJ  Item  #  C.^3 
'^Fisher  Scientific  Co.,  Fair  Lawn,  NJ  Item  #  Nalgene  2104 
‘*U.S.  Stoneware,  Mahwah,  NJ  Serial  #  CV89305 
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nsi  MPa  (4000  psi),  and  used.  Compact  samples  weighed  either  2  grams  or  4  grams  and 
the  weight  percent  (w/o)  of  PIMMA  binder  used  to  make  the  samples  was  either  4  w/o  or  8 
w/o.  The  die  used  to  press  the  compact  samples  was  1.27  cm  (OJ  inches)  in  diameter. 
Samples  were  then  processed  or  heated  in  a  tube  furnace,  oven,  thermogravimetric  analyzer 
(TGA)  and/or  in  a  MTGA.  In  ail  cases,  a  static  air  atmosphere  was  used  in  the  MTGA  and 
the  oven,  whereas  a  flowing  air  atmosphere  was  utilized  in  the  TGA  and  tube  furnace. 
Usually,  samples  were  processed  in  the  MI  GA  first,  then  the  heating  schedule  of  the  MTGA 
processed  sample  was  mimicked  with  the  TGA.  However,  for  this  paper,  only  TGA  and 
MTGA  data  will  be  discussed. 

RESULTS  AND  DISCUSSION 

Results 

Refer  to  Figure  3,  which  is  a  pljt  of  TGA  data,  for  two  samples,  and  MTGA  data  for  another 
sample.  The  upper  plot  shows  sample  temperature  versus  time  and  the  lower  one  shows  the 
corresponding  change  in  weight  %  of  the  sample  versus  time.  Sample  composition  was  4  w/o 
PMMA/alumina.  Two  samples,  1.27  cm  in  diameter,  were  pressed  at  27.57  MPa.  One  was 
heated  in  the  MTGA  in  a  static  air  atmosphere.  The  other  was  sent  to  Harrop  Inc.,  heated 
in  a  Harrop'*  TGA  (with  a  Sartorius  balance)  and  a  flowing  air  atmosphere  was  used.  The 
third  one  was  a  64.51  milligram  powder  sample,  heated  in  a  DuPont'^  TGA  (interfaced  with 
a  1090  processor)  and  a  flowing  air  atmosphere  was  used.  The  heating  schedule  of  the 
MTGA  processed  sample  was  mimicked  by  the  TGA  processed  samples.  However,  the 
MTGA  processed  sample  was  only  heated  to  400'’C,  at  18'’C  per  minute,  and  processed  for 
a  total  time  of  60  minutes,  which  corresponds  to  a  45  minute  isothermal  hold  at  400°C.  The 
samples  processed  in  the  TGAs  mimicked  the  MTGA  sample  for  60  minutes  and  were  then 
heated  to  1000°C  at  18°C  per  minute.  The  compact  sample  was  held  at  1000°C  for  30 
minutes  and  the  powder  sample  was  heated  to  lOOO'^C. 

Discussion 

Microwaves  have  longer  wavelengths  and  shorter  frequencies  than  infrared  radiation 
(thermal).  In  very  simplined  terms,  infrared  (IR)  heating  is  accomplished  by  slow  phonon 
conduction  and  micr*^  ve  heating  is  accomplished  by  fast  radiant  conduction.  MHH  is  Just 
a  combination  of  the  .wo  forms  of  heating.  Calculations  of  the  depth  of  penetration,  which 
defines  where  63%  of  the  energy  of  the  radiation  is  dissipated  into  a  material  as  heat,  were 
done  using  room  temperature  dielectric  data  |6,7|.  The  calculated  depth  of  penetration  for 
alumina  is  581.4  cm  (at  2.45  GHz)  and  0.14  cm  (at  10  THz).  The  calculated  depth  of 
penetration  for  PMMA  was  209.4  cm  (at  2.45  GHz)  and  0.05  cm  (at  10  THz).  Samples  of  the 
size  used  in  this  initial  investigation,  in  theory,  should  be  heated  more  efficiently  by  infrared 
radiation  and  MHH,  than  by  microwave  heating.  Figure  3  seems  to  indicate  a  delay  in  the 
removal  of  the  binder,  when  using  the  MTGA  apparatus  as  compared  to  the  TGA.  However, 
this  data  shows  that  the  weight  losses  of  all  three  samples  are  comparable.  An  apparent 


'*Harrop  Industries.  Inc.,  Columbus,  OH  Model  #  ST'712 
’’DuPont  Co.,  Wilmington,  DE  Model  #951 
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Figure  3.  Temperature  and  Change  in  Weight  %  of  a  Sample  versus  Time  for  the  i  v,lf> 
PMMA/Alumina  system  (TGA  and  MTGA  data). 


delay  in  the  binder  removal  and  the  heating  schedule  to  40O'’C,  is  artincial,  as  the  average 
heating  rate  was  used  in  programming  the  TtJAs  heating  schedule.  The  TGAs  heaung 
schedules  are  linear,  whereas  the  actual  heating  schedule  of  the  MTGA  is  more  of  a  parabolic 
curve  (not  linear). 
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Several  other  sets  of  experiments  were  conducted  in  the  MTGA,  but  will  not  be  included 
here.  Essentially,  these  experiments  demonstrated  that  the  processing  of  samples  in  the 
MTGA  are  repeatable,  the  MTGA  is  reasonably  stable,  larger  samples  heat  slower,  binder 
removal  from  larger  samples  is  delayed  and  other  sample  systems  may  be  processed  via 
MTGA. 

CONCLUSIONS 

As  the  sample  size/weighi  increased,  longer  times  were  required  to  heat  the  samples  under 
identical  conditions.  As  the  sample  weight  increased,  a  delay  in  the  removal  of  binder  was 
observed  in  the  MTGA.  There  seems  to  be  no  major  advantage  or  disadvantage  to  either 
MHH  or  IR  heating  of  these  samples.  However,  an  advantage  for  MHH  and/or  microwave 
heating  would  be  expected  for  much  larger  samples.  A  relation  between  tho  amount  of 
binder  in  the  samples  and  the  extent  of  binder  decomposition,  under  identical  processing 
conditions,  does  not  seem  apparent. 
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ABSTRACT 

Knowledge  of  the  dielectric  properties  of  a  material  is 
essential  for  a  proper  design  of  an  efficient  applicator.  The 
paper  discusses  the  interaction  of  EM  waves  with  a 
dielectric  material.  The  analytical  solution  to  the  problem 
of  a  line  source  illuminating  a  cylinder  is  discussed.  This 
then  leads  to  a  description  of  the  technique  of  designing  a 
now  type  of  applicator  for  heating  a  large  quantity  of 
dielectric  material.  Experimental  results  are  presented  and 
discussed.  The  new  applicator  is  capable  of  operating  in  a 
batch  or  continuous  mode. 


INTRODUCTION 

The  literature  on  dielectric  properties  and  their 
measurements  is  very  extensive.  For  instance,  in  a  review 
of  dielectric  properties,  Metaxas  and  Meridith  [11  provide  an 
extensive  list  of  publications  on  the  subject.  &cme  recent 
techniques  of  broadband  measnrement  are  discussed  by 
Bussey  [2],  Stuchly  et  al  [3],  Tran  et  al  [4]  and  Gelinas  et  al 


Information  such  as  the  rate  of  power  absorption,  the  depth 
of  penetration,  the  transmitted  power  and  the  reflected 
power  can  be  derived  from  the  dielectric  properties.  Hence  a 
knowledge  of  the  dielectric  properties  is  essontial  for  any 
study  of  microwave  heating  or  design  of  applicators. 
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This  paper  is  not  concerned  with  dielectric  properties  but  is 
focuseo  essentially  on  the  electromagnetic  (EM)  field 
distribution  inside  and  outside  a  dielectric  cylinder  and  a 
technique  of  designing  a  new  type  of  applicator  which 
provides  more  uniform  heating  in  a  batch  or  continuous 
mode. 

INTERACTION  OF  EM  WAVES  WITH  A  DIELECTRIC 

The  analysis  of  the  interaction  of  EM  waves  in  microwave 
dielectric  heating  seems  to  be  confined  to  plane  waves.  Such 
an  analysis  provides  at  least  an  insight  into  the  problem. 
However,  the  exact  solution  to  many  large  scale  microwave 
applicators  is  still  too  difficult  and  time  consuming  even  on 
a  large  computer.  Recently,  an  analysis  was  reported  on  the 
field  distribution  inside  a  simple  multimode  cavity  such  as 
a  domestic  microwave  oven  using  a  finite  element 
technique  [6].  A  CRAY  super  computerwas  required  for  the 
analysis. 

Analyzing  the  interaction  of  EM  waves  with  an  arbitrary 
shaped  lump  of  dielectric  material  is  difficult.  The  problem 
becomes  more  compounded  when  one  has  to  match  the 
obtained  solution  with  the  boundary  conditions  of  the 
metallic  shielding  enclosure. 

Fortunately,  the  interaction  of  EM  waves  with  an  infinite 
lengtth  dielectric  cylinder  is  a  problem  to  which  the 
solution  is  available  in  the  analytical  form.  There  has  been 
considerable  interest  in  the  solution  for  the  field 
distribution  in  such  a  2D  problem.  While  the  field  outside 
the  cylinder  gives  information  on  the  reflected  energy,  ie., 
the  efficiency  of  directing  energy  into  the  material,  the 
inside  field  provides  information  on  heating  uniformity  and 
the  presence  of  hot  and  cold  spots. 

There  are  many  industrial  examples  where  the  solution  is 
applicable.  These  include  drying  of  timber  logs,  curing  of 
fibreglass  masts  for  wind  surf  boards,  sintering  of  ceramic 
cylinders  and  rods  and  investigating  the  biological  effects 
on  human  parts. 

The  general  solution  to  this  2D  problem  is  described  by 
Jones  [7]  as  the  solution  for  the  scattering  of  EM  waves 
(plane  or  cylindrical)  by  a  dielectric  cylinder. 
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The  solutions  for  the  fields  inside  and  outside  the  cylinder 
must  satisfy  the  boundary  conditions  at  the  interface, 
which  depend  upon  the  polarization  of  the  incident  EM  field, 
viz.  the  electric  field  in  parallel  with  or  at  right  angles  to 
the  axis  of  the  cylinder.  If  Ei  is  the  field  incident  to  the 
cylinder,  Ec  is  the  field  inside  the  cylinder  and  Es  is  the 
scattered  field  on  the  outside,  then  Ei+Es  is  the  standing 
wave  outside  the  cylinder  while  Ec  is  the  standing  wave  on 
the  inside.  Thus,  by  calculating  the  magnitude  of  these 
quantities,  one  obtains  the  reflection  from  the  cylinder  as 
well  as  the  distribution  of  the  magnitude  of  the  field  inside 
the  cylinder.  The  expressions  for  Ei,  Es  and  Ec  are  given  by 
Jones  [7].  For  a  given  cylinder  of  dielectric,  by  applying  the 
appropriate  boundary  conditions,  one  obtains  the  exact 
expressions  for  Es  and  Ec  from  Ei. 

Furthermore,  the  power  at  each  point  inside  the  cylinder  can 
be  readily  calculated  by  applying  the  Poynting's  vector  for 
power  density.  Thus  the  radial  power  component  is  given  by; 

Pr«i/(2we  e  )E*aBdr  (1) 

and  the  azimuthal  component 

Po»i/(2we  e  r)E*dE/do  (2) 

If  the  diameter  of  the  cylinder  is  small  compared  to  the 
wavelength,  the  power  distribution  inside  the  cylinder  is 
quite  uniform.  However,  if  the  diameter  is  comparable  or 
larger  than  the  wavelength,  uniform  power  distribution  is 
most  unlikely.  There  are  also  situations  when  the  field  at 
the  axis  of  the  cylinder  is  higher  than  the  surrounding. 

DESIGN  PRINCIPLE  FOR  A  NEW  APPLICATOR 

When  the  diameter  of  the  dielectric  cylinder  is  large 
compared  to  the  wavelength,  the  above  analysis  shows  that 
the  power  distribution  inside  the  cylinder  is  not  uniform 
when  it  is  illuminated  by  a  single  line  source.  The  degree  of 
unevenness  depends  on  the  dielectric  properties  and  the 
diameter  of  the  cylinder.  What  one  obtains  from  the  analysis 
is  the  combined  effect  of  power  decaying  with  distance  and 
the  internal  standing  wave  pattern. 

One  way  of  overcoming  the  uneven  heating  is  to  deploy  mol’s 
line  sources  around  the  cylinder.  In  biomedical  applications, 
an  experimental  investigation  has  been  carried  out  by 
Wyslouzil  et  al  [8].  The  authors  demonstrated  that  an 
increase  in  the  'effective'  depth  of  penetration  is  possible 
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when  more  than  one  source  were  used.  If  the  applicators  are 
fed  from  the  same  source,  then  the  phase  relationship 
between  the  different  applicators  have  a  very  significant 
effect  (in  some  cases  disastrous  effect)  on  the  resulting 
heating  patterns,  it  is  reported  that  in  the  planar  dielectric 
case,  more  applicators  can  be  used  to  heat  large  areas  with 
good  uniformity.  In  the  case  of  cylindrical  surfaces,  there 
appears  to  be  considerable  improvement  in  terms  of 

uniformity  and  penetration  depth  in  going  from  one  to  two  to 
four  applicators. 

The  analysis  for  such  a  situation  can  be  carried  out  as 
follows.  If  the  solution  for  a  single  source  is  known,  then 
the  solution  for  many  such  sources  deployed  around  a 
cylinder  can  be  obtained  by  rotating  the  source  and  by  using 
the  principle  of  superposition.  Some  preliminary  results 
.tom  such  an  analysis  were  reported  in  a  recent  ctnference 
[9]. 

In  practice,  to  prevent  leakage  and  to  provide  adequate 
safety  for  operating  personnel,  the  sources  and  the  cylinder 
are  placed  inside  a  shielding  metallic  enclosure.  The 
shielding  enclosure  may  assume  a 

number  of  shapes  such  as  cylindrical,  rectangular  or  even 
arbitrary.  However  a  better  use  of  the  enclosure  can  be  made 
if  its  non  absorbing  but  reflecting  characteristics  are 

integrated  into  the  design  of  the  applicator  to  create  a  more 
uniform  heating  applicator. 

Assuming  that  the  shielding  enclosure  consists  of  a  number 
of  reflectors  and  if  each  reflector  is  deployed  on  the 

opposite  side  to  a  source,  then  any  unabsorbed  power  will  be 
reflected  back  to  the  cylinder  for  further  absorption.  If  the 
dielectric  material  is  not  very  absorbent,  a  dangerous 
situation  may  arise:  most  of  the  incident  power  will  find  its 
way  back  to  the  magnetron!  If  the  latter  is  not  protected  by 
a  circulator,  its  operation  will  soon  cease.  The  rule  of  thumb 
is  as  follows.  For  a  given  dielectric  material,  select  a 

diameter  such  that  after  the  first  pass  the  power  is  reduced 
to  at  least  1/4.  After  reflection  on  the  second  pass  the 

power  will  be  reduced  to  1/16.  Reflected  power  at  this  level 
even  if  all  of  it  finds  its  way  back  into  the  magnetron  will 
not  be  sufficient  to  cause  any  damage  to  even  an  “unprotected 
magnetron.  Furthermore,  the  left  over  power  after  the 
second  pass  can  be  controlled  in  such  a  way  that  it  combines 
destructively  with  the  scattered  power  from  the  cylinder. 
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In  this  case,  the  reflection  into  the  magnetron  will  become 
small  (a  very  desirable  situation).  If  the  sources  are 
directional,  the  mutual  coupling  will  be  small. 

It  has  been  found  that  the  corner  type  of  reflector  is  most 
appropriate  and  practical  to  use.  For  instance  if  five  sources 
are  used  around -a  cylinder  then  there  must  be  five  corner 
reflectors.  The  shielding  enclosure  will  then  assume  the 
shape  of  a  pentagon. 

The  analysis  for  this  problem  becomes  the  superposition  of 
many  sources  ;  those  deployed  and  their  images  in  the 
reflecting  enclosure. 

RESULTS 

Figure  1  shows  the  general  cross  section  of  the  applicator. 
Each  source  is  a  horn  antenna  approximating  a  parabolic 
shape  to  emulate  a  line  source.  The  size  of  the  enclosure  is 
selected  so  that  the  standing  wave  in  the  horn  antenna  is 
minimum  for  a  given  dielectric  material.  Figure  2  gives  the 
measured  results  for  the  following  case.  The  material  has 
a  dielectric  constant  7  and  a  loss  factor  1.7,  the  cylinder 
diameter  is  150mm  and  since  the  material  is  granular,  it  is 
kept  inside  a  PVC  pipe  having  the  same  inner  diameter  of 
150mm.  Only  one  source  is  energized  in  this  experiment  and 
the  temperature  distribution  measured  is  quite  interestino. 
Temperatue  measurement  is  done  by  a  fine  Al/Cr 
thermocouple  after  each  exposure.  The  exposure  time  is  60 
seconds,  the  resulting  heating  pattern  is  due  to  the  effects 
of  the  source  plus  the  reflecting  enclosure  and  any  thermal 
conduction  which  may  have  occurred  during  the  experiment 
and  subsequent  duration  of  the  temperature  measurement. 
The  heating  pattern  has  a  higher  temperature  area  around 
the  axis  of  the  cylinder.  This  result  is  different  from  the 
theoretical  results  shown  in  Figure  3. 

Figure  3  shows  the  theoretical  power  contours  obtained  for 
the  same  dielectric  cylinder  illuminated  by  a  single  source 
but  without  the  pentagon  reflector  syistem.  The  side  facing 
the  source  is  hotter  and  there  is  a  depression  or  a  colder 
spot  on  the  opposite  side.  Thus  it  appears  that  the  enclosure 
has  a  significant  contribution  to  the  overall  heating  pattern 
in  this  case.  Further  analysis  results  involving  the  enclosure 
are  being  investigated. 
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CONCLUSION 


The  design  concept  seems  to  work  out  well.  So  far  a  number 
of  applicators  hve  been  built  for  industries.  One  machine 
uses  a  conveyor  belt,  another  uses  a  rotating  drum,  yet 
another  uses  a  pump  to  push  a  slurry  through  the  pipe 
vertically.  It  is  totally  flexible  and  can  accomodate  quite  a 
ranoe  of  materials  and  trnasport  systems.  Every  system 
works  satisfactorily  with  a  coupling  efficiency  greater  than 
80%  relative  to  the  theoretical  total  microwave  output  of 
ail  the  magnetrons  in  the  system. 
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Fig.3  Power  contours  from  a  single  source 
without  the  pentagon  shield. 
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